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INTRODUCTION 


Retinoids,  retinoic  acid  (RA)  and  its  analogs,  are  promising  chemopreventive  agents  against  breast 
cancer.  Their  efficacy  against  mammary  carcinogenesis  in  animal  models  has  been  demonstrated  by  their 
ability  to  increase  the  latency  period  for  tumor  appearance  and  decrease  the  number  of  animals  with  cancer 
(1).  Despite  their  cancer  preventive  effects,  retinoids  tested  in  clinical  trials  have  not  yet  caused  major  clinical 
responses  (2,  3),  implying  that  their  anti-cancer  effectiveness  diminishes  in  more  malignant  cells  and  leads  to 
one  of  the  major  drawbacks  in  retinoid  therapy,  the  retinoid  resistance.  The  ineffectiveness  of  retinoids  in  the 
treatment  of  patients  with  advanced  breast  cancer  is  consistent  with  in  vitro  observations  that  the  anti-cancer 
effects  of  RA  are  mainly  seen  in  estrogen-dependent  breast  cancer  cells  and  that,  upon  progression  of  the 
disease  to  estrogen  independence,  breast  cancer  cells  become  refractory  to  RA. 

The  effects  of  retinoids  are  mainly  mediated  through  the  three  types  (a,  P,  and  y)  of  the  RA  receptors 
(RARs)  and  retinoid  X  receptors  (RXRs),  which  function  in  vivo  mainly  as  RXR/RAR  heterodimers  (  4-6). 
The  RXR/RAR  heterodimers  are  activated  by  RAR  ligands.  Binding  of  RXR  ligands  can  induce  RXR 
homodimer  formation  and  function  (6)  and  may  be  required  for  activation  of  certain  RXR-containing 
heterodimers,  such  as  RXR/LXR  (7)  and  RXR/nur77  (8,  9).  The  dimeric  complexes  of  retinoid  receptors 
function  as  transcriptional  factors  that  bind  to  specific  sequences  on  target  genes  and  regulate  the 
transcriptional  expression  of  the  genes.  One  of  the  most  potent  target  genes  identified  so  far  is  RARp  gene. 
RARP  expression  is  induced  by  RA  through  a  RA  response  element  (pRARE)  in  its  promoter  (10).  The  auto¬ 
induction  of  RARp  expression  may  play  a  critical  role  in  amplifying  retinoid  responses. 

Despite  intensive  research,  the  molecular  mechanisms  by  which  retinoids  exert  their  anti-cancer  effects 
and  how  their  activities  are  lost  in  certain  breast  cancer  cells  remain  unclear.  The  major  goal  of  the  proposed 
experiments  is  to  understand  the  molecular  mechanism  by  which  retinoids  exert  their  anti-cancer  effects  in 
breast  cancer  cells.  The  specific  aims  of  this  project  are;  1)  to  analyze  the  anti-estrogen  effect  of  retinoid 
receptors;  2)  to  characterize  proteins  that  interact  with  RXR;  3)  to  analyze  transactivation  and  anti-AP-1 
activities  of  retinoid  receptors;  4)  to  analyze  the  mechanism  by  which  retinoid  receptor  activities  are  impaired, 
and  5)  to  analyze  the  function  of  RXR  homodimers. 


BODY 

Expression  of  RARP  is  critical  for  the  anti-cancer  effect  of  trans-RA.  To  study  the  mechanism  by 
which  trans-RA  inhibits  the  growth  of  estrogen-dependent  breast  cancer  cell  lines,  we  examined  the 
expression  of  various  retinoid  receptor  genes  in  different  breast  cancer  cell  lines  by  Northern  blot  (Liu  et  al., 
1996;  Zhang  et  al.,  1996).  We  observed  that  RARP  expression  was  induced  by  trans-RA  only  in  estrogen- 
dependent,  rran^-RA-sensitive  breast  cancer  cell  lines  (ZR-75-1,  T-47D  and  MCF-7)  but  not  in  estrogen- 
independent,  trans-RA-resisimt  breast  cancer  cell  lines  (MDA-MB-231,  BT-20  and  MDA-MB-468).  When 
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RiVRP  gene  was  stably  transfected  and  expressed  in  RA-resistant  MDA-MB-23 1  cells,  the  growth- 
inhibitory  effect  of  trans—RA  was  recovered.  Conversely,  when  RARP  antisense  cDNA  was  stably 
transfected  into  tran^-RA-sensitive  ZR-75-1  cells,  the  cells  showed  reduced  trans^-RA-sensitivity.  These 
data  demonstrate  that  RARP  plays  a  critical  role  in  mediating  the  growth  inhibitory  effects  of  trans-RA  in 
breast  cancer  cells. 

RARa  mediates  the  growth  inhibitory  effects  of  trans--RA  probably  through  its  induction  of 
RARp.  Expression  of  RARa  is  also  involved  in  mediating  the  growth  inhibitory  effect  of  trans-RA.  Several 
studies  have  shown  that  the  expression  of  RARa  is  relatively  low  in  estrogen-independent,  trans-RA- 
resistant  breast  cancer  cell  lines  (11,  12).  When  we  examined  the  expression  of  RARa  by  Northern  blot,  we 
also  found  that  it  is  expressed  at  low  levels  in  trans— RA-resistant  MDA-MB-23 1  and  MDA-MB-468  cell 
lines  (Liu  et  al.,  1996).  When  we  stably  expressed  RARa  in  MDA-MB-23 1  cells,  we  observed  that  growth  of 
stable  clones  was  strongly  inhibited  by  trans-RA  (Liu  et  al.,  1996),  demonstrating  that  the  expression  of 
RARa  could  also  restore  trans-RA  sensitivity  in  estrogen-independent  cells.  In  addition,  we  analyzed  the 
growth  inhibitory  effects  of  a  number  of  synthetic  retinoids  in  MCF-7  cells  in  collaboration  with  Drs.  M. 
Dawson  and  J.  Fontana.  Our  results  show  that  growth  inhibition  in  MCF-7  cells  correlates  with  retinoid 
binding  to  RARa  (Dawson  et  al.,  1995).  Together,  these  data  demonstrate  that  RARa  is  also  involved  in 
mediating  growth  inhibition  in  breast  cancer  cells.  However,  when  we  investigated  the  expression  of  RARp 
in  MDA-MB-23 1  cells  stably  transfected  with  RARa,  we  found  that  RARP  expression  was  enhanced  in 
RARa  stable  clones  when  they  were  treated  with  trans—RA  (Liu  et  al.,  1996).  Since  RARa  can  activate  the 
PRARE  present  in  the  RARP  promoter,  the  growth  inhibitory  effect  of  RARa  is  likely  due  to  its  induction  of 
RARp. 


Differential  growth  inhibitory  effects  of  RAR-selective  and  RXR-selective  retinoids  in  estrogen- 
dependent  and  -independent  breast  cancer  cell  lines.  We  showed  that  activation  of  RARs,  but  not  RXRs  is 
required  for  trans-RA-induced  growth  inhibition  in  estrogen-dependent  ZR-75-1  cells  (Liu  et  al.,  1996).  To 
further  investigate  the  role  of  RARs  and  RXRs  in  breast  cancer  cells,  we  used  a  number  of  RAR-selective 
(SRI  1365,  SRI  1383,  SRI  1278,  SRI  1281  and  SRI  1277)  and  RXR-selective  (SRI  1237,  SRI  1246,  SRI  1235, 
and  SR11345)  retinoids  to  determine  their  growth  inhibitory  effects  in  both  estrogen-dependent  (ZR-75-1)  and 
estrogen-independent  (MDA-MB-23 1)  cells.  RAR-selective  retinoids  strongly  inhibited  the  growth  of  ZR- 
75-1  cells,  but  not  estrogen-independent,  rran^-RA-resistant  MDA-MB-23 1  cells  (Figure  1).  In  contrast, 
RXR-selective  retinoids  did  not  affect  ZR-75-1  cell  growth,  but  significantly  inhibited  the  growth  of  MDA- 
MB-23 1  cells.  RXR-selective  SRI  1246  also  induced  apoptosis  in  estrogen-independent  cells  but  not  in 
estrogen-dependent  cells,  whereas  RAR-selective  SRI  1365  but  not  RXR-selective  SRI  1246  induced 
apoptosis  only  in  ZR-75-1  cells  (Figure  2).  These  data  demonstrate  that  activation  of  RXR  can  induce  growth 
inhibition  and  apoptosis  in  trans-RA-resistant  breast  cancer  cell .  Interestingly,  combination  of  either  RXR- 
selective  retinoid  with  the  RAR-selective  retinoid  SRI  1365  strongly  enhanced  the  growth  inhibitory  effect  of 
the  RXR-selective  retinoids.  Thus,  different  retinoid  signaling  pathways  can  mediate  retinoid-induced 
growth  inhibition  in  estrogen-dependent  and  -independent  breast  cancer  cells. 
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Figure  1.  Growth  inhibitory  effect  of  retinoids  on  estrogen-dependent  ZR-75-1  and  estrogen- 
independent  MDA-MB-231  breast  cancer  cells.  Cells  (800  cells/well)  were  seeded  in  96- well  plates  and 
treated  with  the  indicated  retinoids  (lO'^  M)  alone  or  in  combination  for  10  days.  The  number  of  viable  cells 
was  determined  by  the  MTT  assay. 
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Figure  2.  Induction  of  apoptosis  by  retinoids  in  estrogen-dependent  ZR-75-1  and  estrogen- 
independent  MDA-MB-231  cells.  A.  Induction  of  apoptosis  in  ZR-75-1  cells.  B.  Induction  of  apoptosis  in 
MDA-MB-231  cells.  Breast  cancer  cells  were  grown  in  the  presence  of  the  indicated  retinoids  (10"°  M)  for  48 
h.  DNA  fragmentation  was  determined  by  the  TdT  assay.  Representative  histograms  show  relative  apoptotic 
cell  number.  FL,  fluorescence. 
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*  Expression  of  RARp  correlates  with  growth  inhibitory  effect  of  receptor-selective  retinoids.  To 
determine  whether  the  growth  inhibitory  effects  of  receptor- selective  retinoids  are  also  mediated  by 
expression  of  RARp,  we  analyzed  RARP  gene  expression  in  both  estrogen-dependent  and  -independent  breast 

cancer  cell  lines  in  response  to  RAR-selective  and  RXR-selective  retinoids  (Figure  3).  Trans-RA  and  RAR- 
selective  SRI  1365  strongly  induced  RARP  expression  in  estrogen-dependent  ZR-75-1  and  T-47D  cells,  while 
RXR-selective  SRI  1246  and  SRI  1345  did  not  (Figure  3).  In  contrast,  both  RAR-selective  and  RXR- 
selective  retinoids  could  slightly  induce  RARP  in  estrogen-independent  MDA-MB-231  cells.  The 
combination  of  RAR-selective  and  RXR-selective  retinoids  induced  RARP  to  a  level  comparable  to  that 
observed  in  T-47D  cells.  Thus,  our  data  demonstrate  that  RARP  induction  correlates  with  growth  inhibition 
and  suggest  that  RARP  induction  may  contribute  to  growth  inhibition  by  RXR-selective  retinoids  in  estrogen- 
independent  breast  cancer  cells. 
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Figure  3.  Effect  of  RAR-selective  SRI  1365  and  RXR-selective  SRI  1246  and  SRI  1345  on  RARP 
gene  expression  in  estrogen-dependent  ZR-75-1  and  T-47D  and  estrogen-independent  MDA-MB-231  cells. 
Cells  were  treated  with  the  indicated  retinoids  (10'^  M)  or  in  combination  and  analyzed  for  the  RARP 
expression  by  Northern  blot.  The  expression  of  p-actin  was  used  as  a  control. 

Activation  of  the  PRARE  by  RXR-selective  retinoids  through  RXR/nur77  heterodimers.  The 
pRARE  in  the  RARP  gene  promoter  mediates  RARP  expression  (10).  The  PRARE  is  activated  by  the 
RXR/RAR  heterodimer  in  response  to  RAR-selective  retinoids,  but  not  RXR-selective  retinoids  (8,  13). 
Recently,  orphan  receptor  nur77  was  shown  to  bind  to  DR-5  type  RAREs  as  RXR/nur77  heterodimers  (8, 9). 
We  investigated  the  binding  of  nur77  on  the  PRARE.  Nur77  alone  did  not  show  clear  binding,  but  when 
mixed  with  RXRa,  strong  binding  to  PRARE  occurred  (Figure  4).  The  complex  could  be  upshifted  by  anti- 
nur77  antibody  and  abolished  by  anti-RXR  antibody,  demonstrating  that  the  complex  is  a  RXR/nur77 
heterodimer.  Thus,  the  PRARE  is  an  unique  RARE  that  allows  interaction  with  both  RXR/nur77  and 
RXR/RAR  heterodimers. 
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Figure  4.  Nur77  forms  heterodimers  with  RXR  on  the  PRARE.  Equal  amounts  of  in  vitro 
synthesized  nur77  and  RXR  were  incubated  alone  or  together  at  room  temperature  for  10  min.  The  reaction 
mixtures  were  then  incubated  with  32p-iabeled  PRARE  and  analyzed  by  the  gel-retardation  assay.  When 
antibody  (Ab)  was  used,  it  was  incubated  with  receptor  protein  for  30  min  at  room  temperature  before 
performing  the  gel-retardation  assay. 
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Figure  5.  Nur77  promoted  transactivation  of  the  RARP  promoter  by  RXR-selective  retinoids  in  CV-1 
cells.  A  CAT  reporter  containing  the  RARP  promoter  (10)  was  transiently  transfected  into  CV-1  cells  with 
the  indicated  receptor  expression  vectors.  Then  24  h  later,  cells  were  treated  with  the  indicated  retinoid  for  24 
h.  CAT  reporter  activities  were  determined  as  described  (11). 
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*  To  determine  whether  binding  of  the  RXR/nur77  heterodimers  to  the  PRARE  could  activate  the 
response  element  in  response  to  RXR-selective  retinoids,  we  performed  a  transient  transfection  assay  (Figure 
5).  Cotransfection  of  nur77  and  RXR  expression  vectors  significantly  enhance  the  RARp  promoter  activity 
in  response  to  RXR-selective  retinoids  SRI  1246  and  SRI  1345.  This  data  is  consistent  with  previous 
observation  (8, 9)  that  RXR/nur77  heterodimers  can  be  activated  by  RXR-selective  retinoids  and  suggests  that 
induction  of  RARp  by  RXR-selective  retinoids  through  RXR/nur77  heterodimers  may  be  the  mechanism  by 

which  RXR-selective  retinoids  inhibit  the  growth  of  MDA-MB-231  cells. 

Levels  of  RARa  modulates  retinoid  signaling  switch  in  breast  cancer  cells.  Many  estrogen- 
dependent  and  -independent  breast  cancer  cell  lines  have  similar  expression  levels  of  RARy  and  RXRa  (11, 
12).  Nur77  expression  levels  are  similar  in  ZR-75-1  and  MDA-MB-231  cells  [data  not  shown].  However, 
RARa  is  only  highly  expressed  in  the  estrogen-dependent  breast  cancer  cell  lines  (11,  12).  This  suggests  the 
possibility  that  expression  of  RARa  may  allow  preferential  formation  of  RARa/RXR  heterodimers  in 
estrogen-dependent  breast  cancer  cell  lines,  that  function  to  mediate  the  growth  inhibitory  effect  of  RAR- 
selective  retinoids  but  not  RXR-selective  retinoids.  In  contrast,  low  expression  level  of  RARa  in  estrogen- 
independent  breast  cancer  cell  lines  may  permit  formation  RXR/nur77  heterodimers  that  can  be  activated  by 
RXR-selective  retinoids  to  induce  RARp.  When  we  stably  expressed  RARa  in  MDA-MB-231  cells,  the 
growth  inhibition  of  RAR-selective  retinoids  was  enhanced  while  the  effect  of  RXR-selective  retinoids  was 
suppressed  (Figure  6).  When  the  expression  of  RARp  was  analyzed  in  the  stable  clones,  the  RARP  was 
strongly  induced  by  RAR-selective  retinoids  but  not  RXR-selective  retinoids  (Figure  7),  similar  to  that 
observed  in  estrogen-dependent  breast  cancer  cell  lines  (Figure  3).  Therefore,  depending  on  the  RAR,  RXR, 
and  nur77  levels  present  in  cancer  cells,  either  the  trans-RA-  or  9-cis  RA-signaling  pathway  can  activate  the 
PRARE  (Figure  8).  This  retinoid  signaling  switch  may  play  an  important  role  in  regulating  cell  growth  in 
response  to  different  stimuli  and  suggests  that  low  expression  of  RARa  may  allow  RXR  ligand  signaling  but 
cause  RAR  ligand  resistance. 


MDA-MB-231/RARa2  MDA-MB-231/RARa4 


Figure  6.  Effect  of  RARa  on  sensitivity  of  estrogen-independent  MDA-MB-231  cells  to  receptor- 
selective  retinoids.  Stable  clones,  which  expressed  introduced  RARa,  were  seeded  at  800  cells/well  in  96- 
well  plates  and  treated  with  the  indicated  retinoid  (lO’^  M)  alone  or  in  combination  for  10  days.  The  number 
of  viable  cells  was  determined  by  the  MTT  assay. 
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Figure  7.  Effect  of  stable  expression  of  RARa  on  RARP  expression  in  estrogen-independent  MDA- 
MB-231  cells.  Stable  MDA-MB-231  clones  expressing  high  levels  of  RARa  (MB-231/RARa2  and  MB- 
231/RARa)  were  treated  with  the  indicated  retinoid  (10'^  M)  or  a  combination  and  analyzed  for  the 
expression  of  RARP  by  Northern  blot.  The  expression  of  P-actin  was  used  as  a  control. 
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GROWTH  INHIBITION 


Figure  8.  Retinoid  signaling  pathways  in  breast  cancer  cells.  RARP  expression  can  mediate  the 
growth  inhibitory  effect  of  retinoids  and  is  regulated  by  the  PRARE  in  RARP  promoter.  PRARE  bound  to 
both  RXRo/RARa  and  RXRa/nur77.  Relative  cellular  levels  of  RAR,  RXR  and  nur77  may  determine 
whether  pRARE  binds  to  RXRo/RARa  or  RXRa/nur77.  Estrogen-dependent  breast  cancer  cells  expressed 
higher  levels  of  RARa  to  favor  binding  of  RXRa/RARa  that  can  be  activated  by  RAR-selective  ligands  to 
induce  RARP  expression.  In  contrast,  estrogen-independent  breast  cancer  cells  expressed  lower  levels  of 
RARa  to  favor  RXRa/nur77  formation,  which  bound  to  the  PRARE.  RXR-selective  retinoids  activate 
nur77/RXR  to  induce  RARP  expression.  Induction  of  RARP  by  either  RAR-  or  RXR-selective  retinoids 
could  lead  to  growth  inhibition. 
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Expression  of  COUP-TF  correlates  with  trails- RA  induction  of  RARp  and  trans-RA  sensitivity  in 
breast  cancer  cell  lines.  When  we  investigated  whether  expression  levels  of  COUP-TF  contribute  to  trans- 
RA  resistance  in  several  lung  cancer  cell  lines,  we  observed  that  the  expression  of  COUP-TF  correlated  with 
trans-RA  induction  of  pRARE  activity  (Wu  et  al.,  1996).  In  contrast,  we  found  that  the  expression  of  nur77 
was  associated  with  resistance  to  pRARE  activation  by  trans-RA.  In  addition,  stable  expression  of  COUP-TF 
in  COUP-TF-negative,  RA-resistant  lung  cancer  H292  cells  restored  trans-RA  sensitivity  in  the  cells  (Wu  et 
al.,  1996).  Thus,  the  expression  of  COUP-TF  could  induce  trans-RA  responsiveness  in  trans-RA-resistant 
lung  cancer  cells.  To  determine  whether  COUP-TF  could  also  modulate  trans-RA  sensitivity  in  human  breast 
cancer  cell  lines,  we  examined  the  expression  of  COUP-TF  in  several  breast  cancer  cell  lines,  including  the 
trans-RA-resistant  cell  lines  MB-468,  BT-549,  BT-20  and  MB-231,  as  well  as  trans-RA-sensitive  breast 
cancer  cell  lines  T-47D  and  ZR-75-1.  As  shown  in  Figure  9,  COUP-TF  was  expressed  only  in  the  trans-RA- 
sensitive  breast  cancer  cell  lines  T-47D  and  ZR-75-1,  but  not  in  the  trans-RA-resistant  cell  lines.  This  data, 
therefore,  demonstrates  that  the  expression  of  COUP-TF  correlates  with  trans-RA  induction  of  RARp  and 
trans-RA  sensitivity  and  suggests  that  the  trans-RA  sensitivity  of  breast  cancer  cells  may  be  also  modulated 
by  COUP-TF. 
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Figure  9.  Expression  of  COUP-TF  in  human  breast  cancer  cell  lines.  Total  RNAs  were  prepared 
from  the  indicated  human  breast  cancer  cell  lines  treated  with  or  without  10"'  M  trans-RA  for  24  h  and 
analyzed  for  the  expression  of  COUP-TFI  by  Northern  blot  In  the  control,  the  expression  of  p-actin  is  shown. 
PRARE  activity  represents  the  fold-induction  by  trans-RA  as  determined  by  the  transient  transfection  assay 
using  the  PRARE-A:-CAT  as  a  reporter. 


COUP-TF  sensitizes  pRARE  trans-RA  responsiveness.  Orphan  receptor  COUP-TF  can  bind  to  a 
variety  of  RAREs,  including  PRARE  (14-17).  Previous  studies  demonstrate  that  COUP-TF  can  inhibit  RA- 
induced  activity  on  many  RAREs  by  transient  cotransfection  assays  where  COUP-TF  might  be  overexpressed 
(14-17).  We  then  examined  the  effect  of  various  concentrations  of  COUP-TF  on  the  pRARE  activity.  At  low 
concentrations  (1, 5,  or  10  ng),  COUP-TF  either  did  not  affect  or  even  slightly  enhance  the  frans-RA-induced 
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pRi\RE  activity,  but  did  significantly  inhibit  the  basal  activity  of  the  reporter,  so  that  the  relative  increase  in 
traniS-RA-dependent  activity  was  enhanced  (Figure  10).  These  data  demonstrate  that  COUP-TF  can  enhance 
the  sensitivity  of  various  RA  target  genes  to  trans-RA.  We  also  found  that  nur77  could  antagonize  COUP-TF 
activity  on  the  pRARE  (Figure  10).  Thus,  nur77  can  desensitize  the  responsiveness  of  pRARE  to  trans-RA 
by  antagonizing  COUP-TF  activity. 
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Figure  10.  Modulation  of  trans-RA  sensitivity  of  RAREs  by  COUP-TF  and  nur77  in  CV-1  cells. 
Effect  of  COUP-TF  and  nur77  on  rmn^-RA-dependent  activation  of  pRARE.  PRARE-tk-CAT  was 
cotransfected  with  the  indicated  amounts  of  nur77  and/or  COUP-TF  into  CV-1  cells.  Cells  were  treated  with 
or  without  10'^  M  trans-RA,  and  assayed  for  CAT  activity. 

Heterodimerization  of  orphan  receptors  COUP-TF  and  nur77.  In  the  course  to  investigate  the 
effect  of  nur77  in  CV-1  cells,  we  observed  that  nur77  could  inhibit  COUP-TF  binding  on  the  pRARE  (Figure 
11).  COUP-TF  formed  a  strong  complex  to  the  pRARE  (Figure  11).  However,  when  nur77  protein  was 
added,  the  COUP-TF  binding  complex  was  inhibited.  The  inhibition  was  very  efficient  in  that  a  one  molar 
excess  amount  of  nur77  almost  completely  inhibited  the  binding,  which  was  specific  as  similar  amounts  of 
RAR  had  no  effect  on  COUP-TF  binding.  Conversely,  the  binding  of  RXR/nur77  on  the  pRARE  was 
efficiently  inhibited  by  either  COUP-TFI  or  COUP-TFII  (Figure  1 1).  Our  immunocoprecipitation  assay  using 
anti-nur77  antibody  and  other  protein-protein  interaction  assays  (Wu  et  al.,  1996)  demonstrate  that  nur77 
forms  a  stable  complex  with  COUP-TFI  or  COUP-TFII  in  solution.  These  observations  suggest  that  nur77 
not  only  can  mediate  the  effect  of  RXR-ligands  through  its  heterodimerization  with  RXR  (Figure  4)  but  also 
can  regulate  retinoid  sensitivity  through  its  interaction  with  COUP-TF  that  binds  to  the  PRARE.  We  have 
observed  that  overexpression  of  nur77  leads  to  trans-RA  resistance  in  lung  cancer  cell  lines  (Wu  et  al.,  1996). 
However,  nur77  is  expressed  at  relative  low  levels  in  breast  cancer  cell  lines  (data  not  shown).  It  may  mainly 
function  as  RXR/nur77  heterodimers  to  mediate  the  effect  of  RXR-ligands  in  estrogen-independent  breast 
cancer  cell  lines  since  these  cell  lines  do  not  express  COUP-TF  (Figure  9).  The  relationship  between  nur77, 
COUP-TF  and  RXR  in  breast  cancer  cell  lines  remains  to  be  determined. 
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Figure  11.  Mutual  inhibition  of  nur77  and  COUP-TF  DNA  binding.  In  vitro  synthesized  COUP-TF 
or  nur77  was  preincubated  with  the  indicated  molar  excess  of  nur77  or  COUP-TF,  respectively.  Following  this 
preincubation,  the  reaction  mixtures  were  incubated  with  Jzp.jabeled  pRARE  and  analyzed  by  the  gel- 
retardation  assay. 


CONCLUSION 

Research  conducted  in  the  past  funding  year  shows  several  pieces  of  exciting  findings.  Our  results 
convincingly  demonstrate  that  expression  of  RARP  plays  a  critical  role  in  mediating  the  growth  inhibitory 
effects  of  trans-RA  in  both  estrogen-dependent  and  -independent  breast  cancer  cell  lines.  In  addition,  we 
show  that  the  growth  inhibitory  effect  of  RARa  may  be  mediated  through  its  induction  of  RARp.  The  other 
finding  in  the  past  year  is  the  demonstration  that  activation  of  RXR  by  RXR-selective  retinoids  can  induce 
growth  inhibition  in  estrogen-independent,  rran^-RA-resistant  breast  cancer  cells.  In  addition,  a  synergistic 
growth  inhibition  effect  was  observed  with  combination  of  certain  RAR-selective  and  RXR-selective 
retinoids.  The  effect  of  RXR-selective  retinoids  is  probably  mediated  through  RXR/nur77  heterodimers  that 
bind  to  the  PRARE  and  activate  RARP  gene  expression  in  response  to  RXR  ligands.  This  finding  is  important 
in  that  we  demonstrate  a  novel  growth  inhibition  pathway  that  is  mediated  by  activation  of  RXR.  Importantly, 
the  pathway  is  functional  in  RARa-negative,  estrogen-independent  and  rran^-RA-resistant  breast  cancer  cells. 
Thus,  different  retinoid  growth  inhibition  pathways  exist  and  different  classes  of  retinoids  can  be  used  for 
different  types  of  breast  cancer.  The  combination  treatment  using  a  RAR-selective  retinoid  and  a  RXR- 
selective  retinoid  that  synergizes  could  provide  a  means  of  reducing  the  effective  dose  and  toxicity  of 
retinoids.  Furthermore,  our  studies  also  suggest  that  orphan  receptor  COUP-TF  may  play  a  critical  role  in  the 
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modulation  of  retinoid  sensitivity  through  its  binding  to  the  PRARE,  which  regulates  RARP  expression.  As 
proposed,  during  the  coming  year  we  will  further  investigate  the  molecular  mechanism  by  which  retinoid 
receptors  function  in  breast  cancer  cells.  Due  to  our  finding  of  the  involvement  of  orphan  receptors  nur77  and 
COUP-TF  in  regulating  retinoid  activity,  our  research  will  focus  on  the  role  of  RXR/nur77  heterodimers  in 
mediating  RXR  ligand  response  pathway,  the  involvement  of  COUP-TF  in  regulating  the  activity  of 
RXR/RAR  and  RXR/nur77  heterodimers,  and  the  function  of  RARa  expression  in  the  switch  of  RAR- 

dependent  and  RXR-dependent  retinoid  growth  inhibition  response  pathways. 
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Retinoids  are  known  to  inhibit  the  growth  of  hormone-dependent  but  not  that  of  hormone-independent 
breast  cancer  cells.  We  investigated  the  involvement  of  retinoic  acid  (RA)  receptors  (RARs)  in  the  differential 
growth-inhibitory  effects  of  retinoids  and  the  underlying  mechanism.  Our  data  demonstrate  that  induction  of 
RARp  by  RA  correlates  with  the  growth-inhibitory  effect  of  retinoids.  The  hormone-independent  cells  acquired 
RA  sensitivity  when  the  RARp  expression  vector  was  introduced  and  expressed  in  the  cells.  In  addition,  RA 
sensitivity  of  hormone-dependent  cells  was  inhibited  by  a  RARp-selective  antagonist  and  the  expression  of 
RARp  antisense  RNA.  Introduction  of  RARa  also  restored  RA  sensitivity  in  hormone-independent  cells,  but 
this  restoration  was  accomplished  by  the  induction  of  endogenous  RARp  expression.  Furthermore,  we  show 
that  induction  of  apoptosis  contributes  to  the  growth-inhibitory  effect  of  RARp.  Thus,  RARp  can  mediate 
retinoid  action  in  breast  cancer  cells  by  promoting  apoptosis.  Loss  of  RARp,  therefore,  may  contribute  to  the 
tumorigenicity  of  human  mammary  epithelial  cells. 


Retinoids,  the  natural  and  synthetic  vitamin  A  derivatives, 
are  known  to  regulate  a  broad  range  of  biological  processes, 
including  growth,  differentiation,  and  development  (26,  48, 
63).  They  are  currently  used  in  the  treatment  of  epithelial 
cancer  and  promyelocytic  leukemia  and  are  being  evaluated  as 
preventive  and  therapeutic  agents  for  a  variety  of  other  human 
cancers  (26,  47,  48,  63).  The  effects  of  retinoids  are  mainly 
mediated  by  two  classes  of  nuclear  receptors:  the  retinoic  acid 
(RA)  receptors  (RARs)  (4,  6,  23,  40,  62)  and  the  retinoid  X 
receptors  (RXRs)  (27,  43,  49,  50,  81).  RARs  and  RXRs  are 
members  of  the  steroid-thyroid  hormone  receptor  superfamily 
that  also  includes  receptors  for  estrogen  and  vitamin  D  (10, 17, 
25,  51,  85).  Both  types  of  retinoid  receptors  are  coded  for  by 
three  distinct  genes,  a,  p,  and  y.  These  receptors  display  dis¬ 
tinct  patterns  of  expression  during  development  and  differen¬ 
tiation  (26),  suggesting  that  each  of  them  may  have  specific 
function.  AW-trans  RA  and  9-cA  RA  (28,  45),  the  two  known 
active  derivatives  of  vitamin  A,  essentially  function  as  hor¬ 
mones  by  interacting  with  specific  retinoid  receptors.  AW-trans 
RA  binds  and  activates  RARs,  and  9-cis  RA  is  able  to  bind  and 
activate  both  RARs  and  RXRs.  RARs  and  RXRs  modulate 
the  expression  of  their  target  genes  by  interacting  as  either 
homodimers  or  heterodimers  with  RA  response  elements 
(RAREs)  (7,  37,  43,  52,  81-83,  86).  Some  of  the  target  genes 
are  RARs  themselves  (14,  29,  42,  44,  71),  in  particular  the 
RARp  gene,  for  which  an  RARE  (pRARE)  that  mediates 
RA-induced  RARp  gene  expression  in  many  different  cell 
types  was  identified  in  its  promoter  region  (14,  29,  71).  Auto¬ 
regulation  of  the  RARp  gene  presumably  plays  a  critical  role 
in  amplifying  the  RA  response. 
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Altered  nuclear  receptor  activities  are  known  to  be  associ¬ 
ated  with  carcinogenesis.  In  human  acute  promyelocytic  leu¬ 
kemia  cells,  an  abnormal  RARa  transcript  is  produced  by 
chromosomal  translocation  (13,  36).  The  involvement  of 
RARp  in  cancer  development  was  originally  suggested  by  the 
finding  that  it  was  integrated  by  hepatitis  B  virus  in  human 
hepatoma  (12).  Recently,  it  was  found  that  RARp  was  not 
expressed  in  a  number  of  malignant  tumors,  including  lung 
carcinoma,  squamous  cell  carcinoma  of  the  head  and  neck,  and 
breast  carcinoma  (22,  30,  32,  60,  72,  84).  Given  the  fact  that 
retinoids  are  key  players  in  the  regulatory  network  of  cell 
differentiation  and  proliferation  (26,  48,  63),  altered  retinoid 
receptors  can  result  in  abnormal  cellular  differentiation  path¬ 
ways  and  a  loss  of  their  antiproliferating  effect,  such  as  anti- 
AP-1  activity  (67,  79).  Recently,  several  studies  have  reported 
that  retinoids  can  induce  apoptosis  in  several  different  cell 
types  (58,  61,  68).  Apoptosis,  a  programmed  ceil  death,  is  an 
important  physiologic  process  in  normal  development  and  tis¬ 
sue  homeostasis  and  functions  as  an  autonomous  suicide  path¬ 
way  that  restricts  cell  numbers  (19,  74).  Induction  of  apoptosis 
by  retinoids  may  represent  an  important  mechanism  by  which 
retinoids  inhibit  cancer  cell  growth.  Alteration  of  retinoid  re¬ 
ceptor  activity  may  therefore  lead  to  suppression  of  apoptosis 
and  result  in  the  pathological  accumulation  of  aberrant  cells 
and  diseases  involving  tumors. 

A  considerable  volume  of  human  and  animal  data  has  sug¬ 
gested  that  retinoids  are  novel  agents  for  the  prevention  and 
treatment  of  breast  cancer  (11,  33,  56).  In  animals,  adminis¬ 
tration  of  retinoids  inhibits  the  initiation  and  promotion  of 
mammary  tumors  induced  by  carcinogens  (11,  56).  In  vitro, 
retinoids  have  been  shown  to  inhibit  the  growth  of  human 
breast  cancer  cells  (20,  21,  39,  53,  65,  69,  70,  73,  75-77). 
Growth  inhibition  of  such  cells  in  culture  has  been  observed 
when  retinoids  are  administered  alone  or  in  combination  with 
other  agents,  such  as  antiestrogen  (20,  39)  or  interferon  (78), 
with  which  synergistic  effects  have  been  observed.  On  the  basis 
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of  these  results,  several  clinical  trials  with  retinoids  have  been 
carried  out  (5,  9,  55).  Unfortunately,  these  early  clinical  trials 
with  patients  with  advanced  breast  cancer  have  not  demon 
strated  any  significant  effect,  except  that  some  benefits  were  ob¬ 
served  when  retinoids  were  used  together  with  antiestrogen  (5). 

The  observations  that  retinoids  are  effective  in  the  preven¬ 
tion  of  breast  cancer  development  and  that  activity  is  lost  in 
patients  with  advanced  breast  cancer  suggest  that  there  is  a  loss 
of  retinoid  sensitivity  during  the  progression  of  a  breast  tumor. 
This  loss  is  also  supported  by  in  vitro  observations  that  the 
growth-inhibitory  effects  of  retinoids  are  mainly  seen  in  hor¬ 
mone-dependent,  estrogen  receptor  (ER)-positive  breast  can¬ 
cer  cells  and  that  hormone-independent,  ER-negative  cells  are 
refractory  to  the  retinoid  effect  (20,  75).  How  retinoids  inhibit 
the  growth  of  hormone-dependent  breast  cancer  cells  and  how 
their  inhibitory  effect  is  lost  in  hormone-independent  cells  re¬ 
main  largely  unclear.  In  this  study,  we  have  determined  the 
expression  of  RARs  in  a  number  of  hormone-dependent  and 
-independent  breast  cancer  cell  lines  in  the  absence  and  pres¬ 
ence  of  RA.  Our  results  demonstrated  that  the  expression  of 
the  RARp  gene  was  dramatically  induced  by  RA  in  hormone- 
dependent  but  not  in  hormone-independent  breast  cancer  cell 
lines.  Induction  of  RARp  by  RA  correlated  with  the  growth- 
inhibitory  effect  of  retinoids  in  the  cell  lines  investigated.  The 
requirement  of  RARp  expression  for  the  RA-induced  growth 
inhibition  was  further  demonstrated  by  restored  RA  sensitivi¬ 
ties  in  hormone-independent  cells  after  the  introduction  of 
RARp  and  by  diminished  RA  sensitivities  in  hormone-depen¬ 
dent  cells  because  of  an  RARp-selective  antagonist  and  the 
expression  of  RARp  antisense  RNA.  In  addition,  our  data 
demonstrated  that  RARp  could  promote  apoptosis  in  breast 
cancer  cells.  Thus,  the  loss  of  RARp  gene  expression  could  be 
one  of  the  major  factors  responsible  for  the  loss  of  RA  sensi¬ 
tivities  in  breast  cancer  cells  and  may  contribute  to  their  trans¬ 
formed  phenotype, 

MATERIALS  AND  METHODS 

Cell  culture.  Breast  cancer  cell  lines  ZR-75-1,  T-47D,  MB231,  BT-20,  and 
MB468  were  obtained  from  the  American  Type  Culture  Collection.  MCF-7  was 
obtained  from  S.  Sukumar  (Salk  Institute,  La  Jolla,  Calif.).  ZR-75-1  and  T-47D 
cells  were  grown  in  RPMI 1640  medium  supplemented  with  10%  fetal  calf  serum 
(PCS),  MB231,  MCF-7,  and  MB468  cells  were  grown  in  Dulbecco  modified 
Eagle  medium  supplemented  with  10%  FCS,  and  BT-20  cells  were  maintained  in 
minimal  essential  medium  with  10%  FCS. 

Growth  inhibition  assay.  To  study  anchorage-dependent  growth,  cells  were 
seeded  at  1,000  to  2,000  cells  per  well  in  96-well  plates  and  treated  with  various 
concentrations  of  retinoids.  Media  were  changed  every  48  h.  The  number  of 
viable  cells  was  determined  by  measuring  their  capacity  to  convert  a  tetrazolium 
salt  into  a  blue  formazan  product  with  a  nonradioactive  cell  proliferation  and 
cytotoxicity  assay  kit  (Promega,  Madison,  Wis.)  (57).  For  the  anchorage-inde¬ 
pendent  growth  assay,  30,000  cells  in  culture  medium  containing  10%  FCS,  0.3% 
agar  (Difco,  Detroit,  Mich.),  and  10“^  M  aW-trans  RA  in  a  60-mm-diameter  dish 
were  plated  onto  an  already  hardened  0.6%  agar  underlayer  in  medium  supple¬ 
mented  with  10%  FCS.  The  plates  were  incubated  for  21  days  with  5%  CO2.  A 
colony  was  defined  as  >40  cells,  and  colonies  with  more  than  40  cells  were 
counted  with  a  microscope. 

RNA  preparation  and  Northern  (RNA)  blot.  For  Northern  blot  analysis,  total 
RNAs  were  prepared  by  the  guanidine  hydrochloride-ultracentrifugation 
method  (66).  About  30  fjig  of  total  RNAs  from  different  cell  lines  was  fraction¬ 
ated  on  a  1%  agarose  gel,  transferred  to  nylon  filters,  and  probed  with  the 
^^P-labeled  ligand-binding  domain  of  RAR  cDNAs  as  previously  described  (84). 
To  determine  that  equal  amounts  of  RNA  were  used,  the  filters  were  also  probed 
with  rRNA  L32  cDNA. 

Preparation  of  nuclear  extracts  and  gel  retardation  assays.  Nuclear  extracts 
were  prepared  essentially  according  to  the  method  previously  described  (41). 
Briefly,  cells  growing  to  about  90%  confluence  were  washed  with  cold  phosphate- 
buffered  saline  (PBS)  and  scraped  into  PBS  with  a  rubber  policeman.  Cells  were 
pelleted  by  low-speed  centrifugation  and  then  resuspended  in  a  buffer  containing 
10  mM  Tris-HCl  (pH  7.4),  3  mM  CaCl2,  and  2  mM  MgC^.  After  they  were 
pelleted,  the  cells  were  lysed  in  the  buffer  containing  1%  Nonidet  P-40  by  10  to 
15  strokes  with  an  ice-cold  Dounce  homogenizer.  Immediately  after  lysis,  nuclei 
were  collected  by  centrifugation  at  2,000  X  g  and  washed  once  with  a  buffer 


containing  10  mM  HEPES  (A^-2-hydroxyethylpiperazine-A/^'-2-ethanesulfonic  ac- 
id)-KOH  (pH  7.9),  1.5  mM  MgC^,  10  mM  KCl,  and  0.5  mM  dithiothreitol. 
Nuclear  proteins  were  extracted  with  a  high-salt  buffer  containing  20  mM 
HEPES-KOH  (pH  7.9),  25%  glycerol,  420  mM  NaCl,  1.5  mM  MgCl2,  0.2  mM 
EDTA,  and  0.5  mM  dithiothreitol.  All  the  buffers  used  for  the  procedure  con¬ 
tained  protease  inhibitors,  i.e.,  100  |j.g  of  phenylmethylsulfonyl  fluoride  per  ml,  1 
fxg  of  leupeptin  per  ml,  and  1  fxg  of  aprotinin  per  ml.  When  it  was  necessary, 
nuclear  extracts  were  concentrated  with  a  Centricon  10  microconcentrator  (Mil- 
lipore).  Small  aliquots  of  nuclear  proteins  were  immediately  frozen  and  kept  at 
-SO^C  until  use.  To  study  pRARE  binding,  nuclear  extracts  were  prepared  from 
different  breast  cancer  cell  lines  treated  or  not  treated  with  10“^  M  B\\-trans  RA. 
Nuclear  extracts  (5  p.g)  from  different  breast  cancer  cells  were  analyzed  by  gel 
retardation  assays  for  their  pRARE  binding  activity,  with  ^^P-labeled  pRARE 
being  used  as  a  probe  as  described  previously  (41).  pRARE  used  in  the  exper¬ 
iments  is  the  direct  repeat  of  the  RARE  present  in  the  RARp  promoter 
(AGGGTTCAGGCAAAGTTCAC).  Labeled  DNA  probes  were  purified  by  gel 
electrophoresis  and  used  for  the  gel  retardation  assay. 

Transient  transfection  and  CAT  assay.  To  measure  the  transcriptional  acti¬ 
vation  of  pRARE  in  breast  cancer  cell  lines,  pRARE  linked  with  the  chloram¬ 
phenicol  acetyltransferase  (CAT)  gene  (pRARE-tk-CAT)  was  used  as  a  reporter 
gene  to  determine  the  RA  response  in  hormone-dependent  and  -independent 
human  breast  cancer  cell  lines.  pRARE-tk-CAT  (2.0  (xg)  and  3.0  |xg  of  p-galac- 
tosidase  expression  vector  (pCH  110;  Pharmacia)  were  transiently  transfected 
into  cells  by  the  calcium  phosphate  precipitation  method  (41).  Cells  were  grown 
in  the  presence  or  absence  of  10"^  M  d\\-trans  RA.  Transfection  efficiency  was 
normalized  by  p-galactosidase  activity.  The  gathered  data  were  shown  as  the 
means  of  three  separate  experiments. 

Stable  transfection.  To  construct  RARp  and  RARa  expression  vectors,  cDNA 
for  the  RARp  or  RARa  gene  was  cloned  into  the  pRc/CMV  expression  vector 
(Invitrogen,  San  Diego,  Calif.).  To  construct  the  RARp  antisense  expression 
vector,  cDNA  for  the  RARp  gene  was  cloned  into  the  pRc/CMV  expression 
vector  in  an  antisense  orientation.  The  resulting  recombinant  constructs  were 
then  stably  transfected  into  breast  cancer  cells  by  the  calcium  phosphate  precip¬ 
itation  method  and  screened  with  400  pg  of  G418  (Gibco  BRL,  Grand  Island, 
N.Y.).  The  integration  and  expression  of  exogenous  RARp  and  RARa  cDNA 
were  determined  by  Southern  blotting  and  Northern  blotting,  respectively. 

Apoptosis  analysis.  For  morphological  analysis  (34),  cells  treated  with  10“^’  M 
d\\-trans  RA  and  untreated  cells  were  trypsinized  and  washed  with  PBS.  After 
fixation  with  3.7%  paraformaldehyde  followed  by  acid-alcohol  treatment,  the 
cells  were  stained  with  propidium  iodine  (50  pg/ml)  containing  100  pg  of  DNase- 
free  RNase  A  per  ml  to  visualize  the  nuclei.  Stained  cells  were  examined  with  a 
Zeiss  LSM  410  confocal  laser-scanning  microscope.  Overlays  of  cells  were  made 
with  confocal  sections  at  increments  of  1  pm.  Apoptotic  nuclei  were  condensed 
and  were  more  brightly  stained  than  non  apoptotic  ones.  For  terminal  de- 
oxynucleotidyl  transferase  (TdT)  assays  (24),  the  cells  were  treated  or  not  treated 
with  lO^'^  M  Q\\-trans  RA.  After  24  h,  the  cells  were  trypsinized,  washed  with 
PBS,  and  fixed  in  1%  formaldehyde  in  PBS  (pH  7.4).  After  being  washed  with 
PBS,  the  cells  were  resuspended  in  70%  ice-cold  ethanol  and  immediately  stored 
overnight  at  -20°C.  The  cells  were  then  labeled  with  biotin- 16-dUTP  by  the 
terminal  transferase  method  and  stained  with  avidin-fluorescein  isothiocyanate 
(Boehringer,  Mannheim,  Germany).  Fluorescence-labeled  cells  were  analyzed 
with  a  FACStar  Plus.  Representative  histograms  were  made.  For  enzyme-linked 
immunosorbent  assays  (ELISAs),  cells  from  breast  cancer  cell  lines  MB231, 
MB231/RARP3,  ZR-75-1,  and  ZR-75-l/A-RARplO  were  split  at  the  same  time 
and  treated  with  10“^’  M  ?i\\-trans  RA  for  12,  24,  and  48  h.  When  antagonists  (5 
X  10“^  M)  were  used,  they  were  incubated  or  not  incubated  with  10“^  M 
aW-trans  RA  for  24  h.  Treated  cells  were  harvested  at  the  same  time.  DNA 
fragmentation  was  measured  with  the  cell  death  detection  ELISA  kit  (Boehr¬ 
inger).  About  2  X  10“^  cells  were  assayed  for  DNA  fragmentation  by  following  the 
manufacturer’s  protocol.  The  results  were  expressed  relative  to  those  for  controls 
that  did  not  receive  RA  treatment. 


RESULTS 

Activation  of  RARs  and  not  RXRs  is  responsible  for  RA- 
induced  grovyth  inhibition  in  breast  cancer  cells.  Retinoids  are 
known  to  inhibit  the  growth  of  breast  cancer  cells.  However, 
how  the  growth-inhibitory  effect  of  retinoids  is  mediated  is 
largely  unknown.  To  establish  the  involvement  of  RAR  and 
RXR  in  RA-induced  growth  inhibition  in  hormone-dependent 
breast  cancer  cells,  we  used  retinoids  selective  for  RXR  ho¬ 
modimers  and  RXR-RAR  heterodimers.  Ch55  (35)  and  (all- 
E)-UAB8  (1),  which  specifically  bind  RARs  and  activate  RXR- 
RAR  heterodimers,  displayed  degrees  of  growth  inhibition 
similar  to  that  observed  with  aW-trans  RA  in  ZR-75-1  and 
T-47D  cells,  while  (9Z)-UAB8  (1),  which  specifically  activates  RXR 
homodimers,  did  not  show  clear  growth-inhibitory  effects  (Fig.  1). 
These  data  suggest  that  activation  of  RARs  is  mainly  responsible  for 
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FIG.  1.  Activation  of  RARs  but  not  RXRs  is  required  for  RA-induced 
growth  inhibition  in  breast  cancer  cell  lines.  The  effects  of  RAR-RXR  het¬ 
erodimer  [Ch55  and  (aIl-E)-UAB8]  and  RXR  homodimer  [(9Z)-UAB8]  specific 
activators  on  the  growth  of  hormone-dependent  breast  cancer  cells  (ZR-75-1  and 
T-47D)  are  shown  in  graphic  form.  The  effect  of  ^W-trans  RA  is  shown  for 
purposes  of  comparison.  Cells  were  seeded  at  1,000  cells  per  well  and  treated 
with  10'^  M  retinoids  for  10  days.  The  results  were  expressed  as  the  ^550  of 
MTT-derived  formazan  developed  by  cells  treated  with  control  solvent.  All  data 
shown  are  representative  of  three  independent  experiments.  Error  bars  indicate 
standard  deviations. 

the  RA-induced  growth  inhibition  of  ZR-75-1  and  T-47D  breast 
cancer  cells,  consistent  with  a  previous  observation  (69). 

Induction  of  RARp  by  RA  correlates  with  the  growth-inhib¬ 
itory  effect  of  RA.  To  determine  which  RAR  subtype  is  in¬ 
volved  in  RA-induced  growth  inhibition,  we  investigated  the 
expression  of  three  types  of  RARs  (a,  p,  and  7)  in  a  number  of 
human  breast  cancer  cell  lines,  including  hormone-dependent 
(T-47D,  ZR-75-1,  and  MCF-7)  and  hormone-independent 
(MB-468,  BT-20,  and  MB231)  lines.  In  a  result  similar  to  those 
of  previous  observations  (64,  75),  transcript  for  RAR7  was 
detected  in  all  of  the  cell  lines  at  similar  expression  levels  (Fig. 
2a).  RARa  transcripts  were  also  present  in  all  of  the  cell  lines. 
However,  relatively  low  levels  of  RAR  expression  were  found 
in  two  hormone-independent  cell  lines  (MB231  and  MB-468) 
(Fig.  2b).  All  of  these  cell  lines  did  not  exhibit  detectable  levels 
of  RARp  mRNA  under  the  conditions  used  (Fig.  2c).  Since  the 
expression  of  RARs  could  be  regulated  by  RA  because  of  the 
presence  of  RAREs  in  their  promoter  regions  (14,  29,  42,  44, 
71),  we  analyzed  the  expression  of  RARs  in  the  presence  of 
RA  in  these  cell  lines.  Treatment  of  these  cells  with  10“^  M 
dXUrans  RA  for  36  h  did  not  show  any  effect  on  the  expression 
levels  of  RARot  and  RAR7  (Fig.  2a  and  b).  However,  the 
expression  of  RARp  was  strongly  enhanced  by  dX\-trans  RA  in 
the  hormone-dependent  cell  lines  (Fig.  2c).  Surprisingly,  ^W-trans 
RA  failed  to  induce  RARp  in  hormone-independent  cell  lines. 
When  the  growth-inhibitory  effects  of  dW-trans  RA  and  9-cis  RA 
were  examined,  both  RAs  showed  strong  growth  inhibition  with 
hormone-dependent  cell  lines,  while  they  had  little  effect  on  hor¬ 
mone-independent  lines  (Fig.  2d).  Thus,  the  induction  of  RARp 
gene  expression  by  dXVtrans  RA  correlates  with  dW-trans  RA- 
induced  growth  inhibition,  suggesting  that  RARp  may  mediate 
the  differential  growth-inhibitory  effects  of  RA  in  breast  cancer 
cells. 

Abnormal  transcriptional  regulation  of  pRARE  in  hor¬ 
mone-independent  breast  cancer  cells.  M\-trans  RA-induced 
RARp  expression  is  mediated  by  the  pRARE  present  in  the 
RARp  promoter  (14, 29, 71).  The  loss  of  the  dXUrans  RA  effect 
in  inducing  RARp  gene  expression  in  hormone-independent 
human  breast  cancer  cell  lines  indicates  that  the  regulation  of 
RARp  expression  by  RA  is  disturbed  in  these  cells.  To  further 


examine  the  impaired  RA  response,  a  CAT  reporter  construct 
containing  pRARE  linked  with  a  thymidine  kinase  promoter 
(pRARE-tk-CAT)  (29)  was  used  as  a  reporter  to  determine 
the  degrees  of  RA  response  in  both  hormone-dependent  and 
-independent  cancer  cell  lines  by  transient  transfection  assays. 
When  this  reporter  was  transfected  into  hormone-dependent 
cells  (T-47D  and  ZR-75-1),  a  strong  induction  of  CAT  activity 
in  response  to  zW-trans  RA  was  observed  (Fig.  3a).  In  contrast, 
only  a  slight  induction  of  CAT  gene  expression  was  seen  in 
hormone-independent  cells  (MB231  and  MB468).  These  re¬ 
sults  are  consistent  with  those  of  a  previous  observation  (75) 
and  suggest  that  the  loss  of  RARp  expression  in  hormone- 
independent  breast  cancer  cells  may  be  due  to  an  abnormal 
transcriptional  regulation  of  pRARE.  To  investigate  whether 
the  loss  of  the  pRARE  activity  is  due  to  altered  pRARE 
binding,  nuclear  proteins  from  hormone-dependent  and  -inde¬ 
pendent  breast  cancer  cells  that  were  treated  with  dXUrans  RA 
or  untreated  were  prepared  and  analyzed  by  gel  retardation  for 
their  binding  to  pRARE.  As  can  be  seen  in  Fig.  3b,  strong 
DNA  binding  complexes  were  formed  when  nuclear  proteins 
prepared  from  ZR-75-1  or  T-47D  cells  were  used.  The  binding 
of  the  complexes  was  much  stronger  when  nuclear  proteins 
were  prepared  from  cells  treated  with  dW-trans  RA.  However, 
complexes  were  hardly  seen  when  nuclear  proteins  prepared 
from  hormone-independent  cells  (MB468  and  MB231)  that 
were  treated  with  ^W-trans  RA  or  untreated  were  used.  Thus, 
altered  pRARE  binding  activity  may  be  responsible  for  the 
loss  of  diW-trans  RA-induced  pRARE  transcriptional  activation 
in  the  hormone-independent  cells. 

Recovery  of  RA  sensitivity  in  hormone-independent  breast 
cancer  cells  by  RARp  expression.  The  data  outlined  above 
suggest  that  induction  of  RARp  by  diW-trans  RA  may  be  re¬ 
sponsible  for  the  RA-induced  growth  inhibition  in  hormone- 
dependent  breast  cancer  cells  and  that  the  loss  of  RA  sensi¬ 
tivity  in  hormone-independent  breast  cancer  cells  may  be  due 
to  a  lack  of  or  low  levels  of  RARp  in  these  cells.  To  directly 
test  this,  cDNA  for  the  RARp  gene  was  cloned  into  the  pRc/ 
CMV  vector  so  that  the  expression  of  the  RARp  gene  is  under 
the  control  of  the  cytomegalovirus  promoter.  The  vector  also 
contains  a  neomycin  resistance  gene  that  allows  transfected 
cells  to  grow  in  the  presence  of  G418.  pRc/CMV-RARp  was 
transfected  into  hormone-independent  breast  cancer  cells 
(MB231).  Six  neomycin  resistance  MB231  clones  that  carried 
the  exogenous  RARp  gene,  as  revealed  by  Southern  blot  anal¬ 
ysis  (data  not  shown),  were  selected.  Among  these  clones, 
MB231/RARP2  and  MB231/RARp3  expressed  exogenous 
RARP  gene  transcripts  (Fig.  4a),  as  judged  by  their  sizes, 
which  were  smaller  than  that  of  the  endogenous  RARp  tran¬ 
script  observed  in  RA-treated  ZR-75-1  cells  (data  not  shown). 
The  rest  of  the  clones  and  cells  transfected  with  pRc/CMV 
empty  vector  did  not  show  any  RARp  transcript. 

To  determine  the  effect  of  the  introduced  RARp,  the  growth 
of  MB231/RARP2,  MB231/RARp3,  MB231/RARP9,  and  cells 
transfected  with  empty  vector  was  measured  in  the  presence  or 
absence  of  either  dX\-trans  RA  or  9-cis  RA  by  3-(4,5-dimethyl- 
thiazol-2-yl)-2,5-diphenyltetrazolium  bromide  (MTT)  assay 
(Fig.  4b).  For  cells  in  the  presence  of  RA,  we  observed  a  strong 
growth  inhibition  of  RARp-transfected  cells.  Treatment  with 
10“^  M  RA  resulted  in  an  about  50%  inhibition  of  MB231/ 
RARP2  cell  growth.  Under  the  same  conditions,  about  40% 
inhibition  was  seen  in  MB231/RARP3  cells.  In  contrast, 
MB231  cells  transfected  with  empty  vector  or  parental  MB231 
cells  did  not  show  any  response  to  RA.  The  fact  that  cells 
(MB231/RARP9)  transfected  with  pRc/CMV-RARp  vector 
but  failing  to  express  RARp  (Fig.  4a)  did  not  show  any  re¬ 
sponse  to  RA  (Fig.  4b)  suggests  that  the  growth-inhibitory 


effect  of  RA  is  mediated  by  the  RARp  product.  To  further 
characterize  the  effect  of  the  transfected  RARp  gene,  RARp- 
transfected  cells  were  analyzed  for  anchorage-independent 
growth  in  soft  agar.  As  can  be  seen  from  Fig.  5,  the  growth  of 
transfectant  cells  that  expressed  RARp  (MB231/RARp2  and 
MB231/RARp3)  in  soft  agar  was  dramatically  inhibited  by 
diW-trans  RA,  whereas  the  growth  of  parental  MB231  cells  was 
not  affected.  Together,  these  data  demonstrate  that  the  expres¬ 
sion  of  RARp  can  restore  RA  sensitivity  in  hormone-indepen- 
dent  breast  cancer  cells. 

Induction  of  RARp  by  RARa  is  responsible  for  the  recovery 
of  RA  sensitivity  in  hormone-independent  breast  cancer  cells. 

The  expression  of  RARa  is  relatively  low  in  some  of  the  hor¬ 
mone-independent  cell  lines,  such  as  MB231  and  MB-468  (Fig. 


2b).  This  low  expression  has  been  previously  suggested  to  ac¬ 
count  for  RA  resistance  in  hormone-independent  cells  (69, 
70).  We  then  investigated  whether  the  expression  of  RARa 
could  restore  RA  sensitivity  in  hormone-independent  cells. 
RARa  cDNA  was  cloned  into  the  pRc/CMV  vector,  and  the 
resulting  expression  plasmid  was  stably  transfected  into  MB231 
cells.  Two  clones  (MB231/RARal  and  MB231/RARa2)  that 
expressed  introduced  RARa  gene  (data  not  shown)  showed  a 
strong  RA  growth-inhibitory  effect  in  a  concentration-depen- 
dent  manner,  while  RARa  had  little  effect  on  the  growth  of 
parental  MB231  cells  (Fig.  6a).  Since  dXX-trans  RA  is  known  to 
activate  pRARE  (14,  29,  71),  we  therefore  investigated 
whether  expression  of  introduced  RARa  could  result  in  the 
induction  of  endogenous  RARp.  As  can  be  seen  in  Fig.  6b,  the 
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FIG.  3.  Transcriptional  activity  and  binding  of  pRARE  in  human  breast 
cancer  cell  lines,  (a)  Transcriptional  activation  of  pRARE  in  hormone-depen¬ 
dent  and  -independent  human  breast  cancer  cell  lines.  Transient  transfection 
assays  were  used  to  determine  transcriptional  activation  of  pRARE  in  various 
human  breast  cancer  cell  lines,  (b)  pRARE  binding  of  nuclear  proteins  prepared 
from  hormone-dependent  and  -independent  human  breast  cancer  cell  lines.  The 
arrow  indicates  the  specific  binding  complex  present  in  breast  cancer  cells. 


expression  of  endogenous  RARp  was  significantly  enhanced  in 
several  different  clones  that  expressed  exogenous  RARa  when 
these  cells  were  treated  with  10“^  M  d\\-trans  RA.  Thus,  acti¬ 
vation  of  RARa  can  result  in  the  induction  of  RARp  in  breast 
cancer  cells.  Furthermore,  Ro  41-5253  (2),  an  RARa-selective 
antagonist,  strongly  inhibited  the  induction  of  RARp  by  all- 
trans  RA  in  T-47D  and  ZR-75-1  cells  (Fig.  6c).  Ro  41-5253  but 
not  LE135,  an  RARp -selective  antagonist  (18,  46),  was  also 
able  to  inhibit  2M-trans  RA-induced  RARp  expression  in 
MB231/RARa2  (Fig.  6c).  Together,  the  growth-inhibitory  ef¬ 
fect  of  RARa  is  likely  due  to  its  induction  of  the  endogenous 
RARp  through  activation  of  pRARE. 

RARp  is  essential  for  RA-induced  growth  inhibition  in  hor¬ 
mone-dependent  cells.  To  investigate  whether  the  induction  of 
RARp  by  RA  can  mediate  the  RA-induced  growth  inhibition 
in  hormone-dependent  cells,  we  used  an  RARp -selective  an¬ 
tagonist  (LE135)  (18,  46)  to  suppress  RARp  activity  in  the 
cells.  This  retinoid  can  specifically  inhibit  RARp-  but  not 
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RARa-  or  RARy-mediated  activation  of  target  genes  (46).  As 
can  be  seen  from  Fig,  7a,  a  concentration-dependent  reduction 
in  RA-induced  growth  inhibition  was  observed  in  both  ZR- 
75-1  and  T-47D  cells  when  LE135  was  added  to  cells  together 
with  10“^  M  dXUrans  RA.  In  the  presence  of  10”^  M  LE135, 
dW-trans  RA-induced  growth  inhibition  in  ZR-75-1  cells  was 
reduced  from  about  50  to  20%.  A  similar  degree  of  effect  was 
seen  with  T-47D  cells.  These  data  suggest  that  activation  of 
RARp  is  mainly  responsible  for  RA-induced  growth  inhibition 
in  hormone-dependent  breast  cancer  cells.  To  further  support 
this  conclusion,  we  stably  transfected  an  RARp  antisense 
cDNA  cloned  into  pRc/CMV  into  ZR-75-1  cells.  Expression  of 
antisense  mRNA  is  known  to  reduce  the  level  of  its  target 
mRNA  by  hybridization,  which  results  in  the  degradation  of 
the  double-stranded  RNA  (8).  As  can  be  seen  from  Fig.  7b, 
clone  A-RARP5  did  not  show  detectable  expression  of  RARp 
antisense  RNA  The  expression  of  endogenous  RARp  in  this 
clone  is  highly  induced  by  RA  in  a  manner  similar  to  that  for 
parental  cells  as  determined  by  Northern  blot  analysis  (Fig.  7b 
and  data  not  shown).  In  contrast,  clone  A-RARpiO,  which 
expressed  RARp  antisense  RNA,  failed  to  express  endogenous 
RARp  under  dWtrans  RA  treatment  (Fig.  7b).  When  the 
growth-inhibitory  effect  of  dXUrans  RA  was  examined  in  two 
clones  that  expressed  RARp  antisense  RNA  (A-RARpiO  and 
A-RARP25)  (Fig.  7b  and  data  not  shown),  we  observed  reduced 
diW-trans  RA-induced  growth  inhibition  in  these  clones  (Fig.  7c). 
In  contrast,  the  growth  of  A-RARp5  remained  strongly  inhibit- 
able  by  dXX-trans  RA  (Fig.  7c).  These  results,  therefore,  demon¬ 
strate  that  expression  of  RARp  is  essential  for  RA-induced 
growth  inhibition  in  hormone-dependent  breast  cancer  cells. 

RA-activated  RARp  promotes  apoptosis  in  breast  cancer 
cells.  When  RARp  was  expressed  in  MB231  cells,  we  noticed 
a  morphological  change  in  the  cells.  MB231  cells,  when  seeded 
at  low  density,  were  elongated  (Fig.  8a).  However,  MB231  cells 
that  expressed  RARp  were  relatively  round  and  became 
shrunken.  Such  a  morphological  change  was  observed  even  in 
the  absence  of  RA,  probably  because  of  the  constitutive  high 
level  of  RARp  expression  and  the  presence  of  residual 
amounts  of  retinoids  in  the  serum.  The  ability  of  the  cells  that 
expressed  RARp  to  survive  on  culture  dishes  was  quite  differ¬ 
ent  from  that  of  wild-type  cells.  After  the  continuation  of 
culture  at  low  density,  a  large  portion  of  cells  eventually  died, 
particularly  in  the  presence  of  dW-trans  RA,  as  assayed  by  the 
trypan  blue  dye  exclusion  method  (data  not  shown).  To  inves¬ 
tigate  whether  the  loss  of  survivability  of  the  cells  is  due  to 
apoptosis,  we  examined  the  nuclear  morphology  of  MB231 
cells  that  expressed  RARp.  When  the  nuclei  of  these  cells  were 
stained  with  propidium  iodine  and  examined  by  confocal  flu¬ 
orescence  microscopy,  we  found  that  many  of  the  RA-treated 
MB231/RARP3  cells  were  smaller  and  contained  condensed 
and  fragmented  nuclei  with  brightly  stained  chromatin,  i.e., 
morphological  changes  typical  of  apoptosis  (74)  (Fig.  8b).  RA 
caused  similar  nucleus  morphological  alterations  in  the  all- 
trans  RA-sensitive  lines  ZR-75-1,  MCF-7,  and  T-47D  (Fig.  8c, 
d,  and  e)  but  not  in  the  dXUrans  RA-resistant  lines  MB231, 
MB-468,  and  BT-20  (data  not  shown). 

To  further  study  RA-induced  apoptosis  in  breast  cancer 
cells,  we  carried  out  TdT  assays  with  flow  cytometric  analysis  to 
study  DNA  fragmentation.  As  can  be  seen  in  Fig.  8f,  the  stable 
expression  of  RARp  in  MB231  cells  (MB231/RARp3)  resulted 
in  significant  amounts  of  TdT-labeled  cells  when  they  were 
treated  with  10"^  M  2^[-trans  RA  for  24  h.  Treatment  of 
MB231  cells  with  2i\\-trans  RA  did  not  show  a  clear  increase  of 
TdT-labeled  cells.  In  ZR-75-1  cells,  a  marked  increase  in  TdT- 
labeled  cells  was  observed  in  response  to  dX\-trans  RA.  How¬ 
ever,  the  TdT  labeling  was  significantly  inhibited  when  RARp 
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FIG.  4.  Stable  expression  of  RARp  genes  restores  a\\~trans  RA  sensitivity  in 
hormone-independent,  aW-trans  RA-resistant  breast  cancer  cells,  (a)  Northern 
blot  analysis  of  stable  transfectants  for  RARp  gene  expression.  Total  RNA  (30 
|jLg)  was  prepared  from  different  stable  transfectants  and  analyzed  for  RARP 
gene  expression,  (b)  Inhibition  of  anchorage-dependent  growth  of  MB231  cells 
by  stable  expression  of  RARp.  The  growth  of  the  RARp  stable  transfectants 
(MB231/RARp2,  MB231/RARp3,  and  MB231/RARp9),  parental  MB231  cells, 
and  MB231  cells  transfected  with  empty  vector  (MB23 1/vector)  in  the  absence  or 
presence  (solid  circles,  aW-trans  RA;  open  diamonds,  9-cis  RA)  of  RA  was 
determined  as  described  in  the  legend  to  Fig.  1. 
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antisense  RNA  was  expressed  (A- RARp  10).  Similar  results 
were  obtained  by  another  assay  (Fig.  8g),  which  is  based  on  the 
sandwich  enzyme  immunoassay  principle  to  determine  cyto¬ 
plasmic  histone-associated  DNA  fragments  in  apoptotic  cells. 
This  study  also  revealed  that  DNA  fragmentation  in  ZR-75-1 
and  MB231/RARP3  occurred  as  early  as  12  h  after  the  cells 
were  exposed  to  dX\-trans  RA.  Furthermore,  LEI 35  but  not  Ro 
41-5253  was  able  to  inhibit  all-^ran^  RA-induced  apoptosis  in 


MB231/RARP3.  Together,  these  results  clearly  demonstrate  that 
diWtrans  RA  can  induce  apoptosis  in  breast  cancer  cells  and  that 
diWtrans  RA-induced  apoptosis  is  mediated  by  RARp  in  the  cells. 

DISCUSSION 

Retinoids  are  effective  growth  inhibitors  of  breast  cancer 
cells.  However,  inhibition  of  growth  is  often  observed  in  hor- 
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MB231  MB231/RARP2  MB231/RARp3 

FIG.  5.  Inhibition  of  anchorage-independent  growth  of  MB231  cells  by 
RARp  gene  expression,  (a)  Photograph  of  colonies  formed  by  parental  MB231, 
MB231/RARp2,  and  MB231/RARp3  cells,  (b)  Quantitation  of  colonies  formed 
by  parental  MB231,  MB231/RARp2,  and  MB231/RARP3  cells.  Colonies  formed 
by  MB231/RARP2,  MB231/RARp3,  and  parental  MB231  cells  in  the  presence 
or  absence  of  d\\-trans  RA  were  scored  and  expressed  as  percentages  of  the 
number  of  colonies  formed  by  cells  treated  with  control  solvent. 


mone-dependent  but  not  in  hormone-independent  breast  can¬ 
cer  cells  (20,  75).  In  this  study,  we  have  demonstrated  that  the 
expression  of  the  RARp  gene  is  critical  for  RA-induced 
growth  inhibition.  By  using  receptor-selective  retinoids,  we 
first  show  that  activation  of  RXRs  is  not  involved  in  the  cell 
lines  (ZR-75-1  and  T-47D)  studied  (Fig.  1).  Retinoids  that 
activate  RXR  and  induce  RXR  homodimer  formation  did  not 
show  a  clear  effect  on  the  growth  of  two  different  hormone- 
dependent  breast  cancer  cell  lines  (ZR-75-1  and  T-47D),  while 
retinoids  that  activate  RARs  were  as  effective  as  dW-trans  RA. 
These  data  are  consistent  with  results  obtained  from  a  previous 
study  that  used  different  RXR-selective  retinoids  in  MCF-7 
and  other  breast  cancer  cell  lines  (69).  Thus,  selective  activa¬ 
tion  of  the  RXR  homodimer  pathway  may  not  contribute  sub¬ 
stantially  to  RA-induced  growth  inhibition  in  the  breast  cancer 
cells  analyzed,  and  activation  of  the  RAR  pathway  may  be 
critical.  Previously,  several  studies  to  elucidate  the  role  of 
RARs  in  the  differential  growth-inhibitory  effects  of  RA  in 
hormone-dependent  and  -independent  breast  cancer  cell  lines 
were  carried  out  (64,  75).  These  studies  and  the  present  study 
(Fig.  2)  showed  comparable  expression  levels  of  RARy  mRNA 
in  all  the  cell  lines,  regardless  of  the  ER  status,  and  no  marked 
expression  level  changes  under  2i\\-trans  RA  treatment,  indi¬ 
cating  that  RARy  is  unlikely  to  be  involved  in  the  differential 
growth-inhibitory  function  of  2i\\-trans  RA.  However,  a  recent 
study  suggests  that  RARy  may  function  to  mediate  the  syner¬ 
gistic  growth-inhibitory  effect  of  RA  and  interferon  on  breast 
cancer  cells  (78).  In  the  case  of  RARa,  Roman  et  al.  (64) 
found  that  it  was  expressed  in  all  cell  lines,  with  higher  levels 
being  found  in  hormone-dependent  cell  lines  than  in  indepen¬ 
dent  lines.  In  our  study,  two  RAR  transcripts  were  observed  in 
all  cell  lines  investigated.  However,  they  were  less  abundant  in 
MB231  and  MB468  cell  lines  (Fig.  2)  but  were  highly  expressed 
in  another  hormone-independent  line  (BT-20).  Although  these 
results  suggest  that  RARa  may  be  involved,  the  variations  in 
the  expression  levels  of  RARa  (reference  64  and  this  study) 
cannot  satisfactorily  explain  the  dramatic  differences  in  the 
sensitivities  of  different  breast  cancer  cell  lines  to  RA.  So  far, 
the  expression  of  RARp  has  been  investigated  by  several  stud- 
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FIG.  6.  Inhibition  of  anchorage- dependent  growth  of  MB231  cells  by  stable  expression  of  RARa.  (a)  The  growth  of  RARa  stable  transfectants  (MB231/RARal 
and  MB231/RARa2)  and  parental  MB231  cells  was  analyzed  in  the  presence  of  various  concentrations  of  z\\-trans  RA  as  described  in  the  legend  to  Fig.  1.  (b) 
Expression  of  endogenous  RARp  gene  in  RARa  stable  transfectants.  Northern  blotting  was  used  to  analyze  the  expression  of  the  endogenous  RARp  gene  in  MB231 
cells  that  stably  expressed  RARa  in  the  presence  of  10“^  M  z\\-trans  RA.  For  purposes  of  comparison,  the  expression  of  RARp  in  ZR-75-1  cells  treated  with  d\\-trans 
RA  is  shown.  The  expression  of  the  L32  gene  was  used  as  a  control,  (c)  Inhibition  of  RA-induced  RARp  gene  expression  by  an  RARa-selective  antagonist.  The 
expression  of  the  RARp  gene  in  ZR-75-1  and  T-47D  cells  in  the  presence  of  10“^  M  all-^ran^  RA  together  with  or  without  M  RARa-selective  antagonist  (Ro 
41-5253)  was  analyzed  by  Northern  blotting  as  described  in  the  legend  to  Fig.  2.  When  MB231/RARa4  cells  were  analyzed,  5  X  10“®  M  aW-trans  RA  and  10“^  M  Ro 
41-5253  and  10“^  M  LE135  were  used. 
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FIG.  7.  Inhibition  of  RARp  activity  decreases  RA  sensitivity  in  hormone-dependent  breast  cancer  cells,  (a)  RARp-selective  antagonist  decreases  the  growth- 
inhibitory  effect  of  SiW-trans  RA  in  ZR-75-1  and  T-47D  cells.  ZR-75-1  and  T-47D  cells  were  treated  with  or  without  10"^  M  alDraw.?  RA  in  the  presence  or  absence 
of  an  RARp-selective  antagonist  (LE135  Ki  for  RARa,  1.5  X  10“''’  M;  LEI35  K,  for  RARp,  4.3  X  10"^  M)  for  10  days,  and  the  numbers  of  the  cells  were  analyzed 
by  the  MTT  assay  as  described  in  the  legend  to  Fig.  1.  (b)  Expression  of  RARp  in  ZR-75-1  cells  transfected  with  RARp  antisense  cDNA.  The  expression  of  endogenous 
RARp  in  two  stable  clones  (A-RARp5  and  A-RARpiO)  was  determined  by  Northern  blotting.  A-RARplO  expressed  introduced  RARp  antisense  RNA,  while  no  clear 
expression  was  seen  with  A-RARp5.  (c)  Expression  of  RARp  antisense  RNA  decreases  RA  sensitivity  in  hormone-dependent  breast  cancer  cells.  The  effect  of  zW-trans 
RA  on  the  growth  of  ZR-75-1  cells  and  ZR-75-1  cells  that  stably  expressed  RARp  antisense  RNA  (A-RARpIO  and  A-RARp25)  was  analyzed  by  MTT  assay  as 
described  in  the  legend  to  Fig.  1.  Error  bars  show  standard  deviations. 


ies  (64,  72,  75).  van  der  Burg  et  al.  (75)  observed  high  levels  of 
RARp  in  two  of  the  three  hormone-dependent  lines  (ZR-75-1 
and  T-47D)  but  not  in  independent  lines,  except  for  Hs578T. 
In  contrast,  RARp  was  expressed  in  all  independent  cell  lines 
analyzed  by  Roman  et  al.  (64),  while  it  was  not  detected  in 
dependent  lines,  including  T-47D  and  MCF-7,  or  was  ex¬ 
pressed  at  a  low  level  in  other  dependent  lines.  In  another 
study  (72),  RARp  transcript  in  MCF-7  and  ZR-75-1  cells  could 
only  be  detected  when  poly(A)“^  RNA  was  used.  These  differ¬ 
ent  results  may  be  due  to  the  variability  of  the  cell  lines  used 
but  are  more  likely  to  be  due  to  the  different  culture  conditions 
used,  since  the  expression  of  RARp  is  very  sensitive  to  RA 
regulation  because  of  the  presence  of  pRARE  in  its  promoter 
(14,  29,  71).  To  clearly  establish  the  role  of  RARp,  we  have 
examined  the  expression  of  RARp  in  several  hormone-depen¬ 
dent  and  -independent  cell  lines  either  in  the  presence  or  in  the 
absence  of  d\\-trans  RA  (Fig.  2).  In  the  absence  of  all-/ra«5  RA, 
all  of  these  cell  lines  did  not  exhibit  detectable  RARp  tran¬ 
script.  However,  in  the  presence  of  RA,  the  expression  of 
RARp  was  strongly  enhanced  in  hormone-dependent  cell  lines 
(ZR-75-1,  T-47D,  and  MCF-7)  but  not  in  independent  cell  lines 
(MB231,  BT-20,  and  MB468).  The  correlation  of  dW-trans  RA- 
induced  RARp  expression  with  dXUmns  RA-induced  growth  in¬ 
hibition  in  these  cells  (Fig.  2)  implies  that  RARp  is  required  for 
dX\-trans  RA-induced  growth  inhibition  in  breast  cancer  cell  lines. 

The  role  of  RARp  in  mediating  dXX-trans  RA-induced  growth 
inhibition  is  further  demonstrated  by  our  stable  transfection 
studies.  Hormone-independent  MB231  cells  that  are  devoid  of 
RARp  did  not  show  a  growth  response  to  dW-trans  RA  (Fig.  2). 
However,  when  the  RARp  gene  was  introduced  and  expressed 
in  the  cells,  the  inhibitory  effects  of  2i\\-trans  RA  on  the  an¬ 
chorage-dependent  and  -independent  growth  of  the  cells  were 
observed  (Fig.  4  and  5).  In  contrast,  hormone-dependent  ZR- 
75-1  cells  that  stably  expressed  RARp  antisense  RNA  showed  a 
strong  reduced  dXVtrans  RA  sensitivity  (Fig.  7).  In  addition,  when 
we  used  an  RARp-selective  antagonist  (LE135)  (46)  together 
with  2i\\-trans  RA,  we  found  that  it  could  significantly  prevent 


2i\\-trans  RA-induced  growth  inhibition  of  ZR-75-1  and  T-47D 
cells  (Fig.  7).  Together,  these  data  clearly  demonstrate  that 
RARp  can  mediate  the  dXVtrans  RA-induced  growth  inhibition  in 
breast  cancer  cells.  This  conclusion  is  supported  by  a  recent  study 
showing  that  senescence  of  normal  human  mammary  epithelial 
cells  resulted  in  increased  RARp  mRNA  expression  (72). 

Previous  studies  (64,  70,  75)  and  this  study  (Fig.  2)  show  that 
RARoi  transcripts  are  not  expressed  or  are  expressed  at  rela¬ 
tively  low  levels  in  certain  hormone-independent  cell  lines, 
suggesting  that  RARa  may  also  participate  in  mediating  the 
growth  inhibition  of  dW-trans  RA.  Indeed,  we  found  that 
RARa  could  restore  dW-trans  RA  sensitivity  when  it  was  stably 
expressed  in  MB231  cells  (Fig.  6),  which  is  a  result  similar  to 
that  of  a  previous  observation  (69).  However,  RARa  is  not 
responsible  for  the  effect  of  RARp,  since  we  did  not  observe 
any  enhancement  of  RARa  transcripts  in  MB231  cells  that 
expressed  introduced  RARp  (data  not  shown).  When  we  an¬ 
alyzed  the  expression  of  endogenous  RARp  in  cells  that  ex¬ 
pressed  introduced  RARa,  we  found  that  it  was  significantly 
enhanced  in  the  presence  of  2i\\-trans  RA  (Fig.  6c).  In  our 
transient  transfection  assay,  we  observed  that  cotransfection  of 
RARa  could  enhance  pRARE  activity  in  hormone-indepen¬ 
dent  cells  (unpublished  data).  Thus,  the  effect  of  RARa  may 
be  in  part  due  to  its  activation  of  endogenous  RARp  through 
activation  of  pRARE,  which  then  triggers  growth  inhibition 
signaling.  However,  RARa  alone  may  not  be  sufficient  to  ren¬ 
der  breast  cancer  cells  responsive  to  RA,  as  was  seen  with 
BT20  cells,  which  express  a  relatively  high  level  of  RARa 
transcript  (Fig.  2a)  but  which  nevertheless  are  dW-trans  RA 
resistant  (Fig.  2d).  It  is  likely,  therefore,  that  another  nuclear 
protein(s)  may  participate  in  the  regulation  of  RA  sensitivities 
in  breast  cancer  cells. 

The  growth-inhibitory  effect  of  RA  appears  to  be  dependent 
on  ER  status.  Whether  this  dependence  is  due  to  a  coincidence 
resulting  from  the  progression  of  a  tumor  or  whether  estrogen 
somehow  influences  RA  activities  remains  to  be  elucidated.  In 
our  stable  transfectants  expressing  RARp,  we  did  not  observe 


LIU  ET  AL. 


Mol.  Cell.  Biol. 


FIG.  8.  RAR(3  promotes  cell  apoptosis,  (a)  Morphology  change  of  MB231 
cells  by  RAR(3  gene  expression,  (b  to  e)  Morphological  analysis  of  apoptotic 
breast  cancer  cells  stained  with  propidium  iodine  after  RA  treatment.  Panels  b, 
c,  d,  and  e  represent  breast  cancer  cell  lines  MB231/RARP3,  ZR-75-1,  T-47D, 
and  MCF-7,  respectively.  MB231/RAR33  and  ZR-75-1  cells  were  treated  with 
10"^  M  d\Urans  RA  for  48  h.  T-47D  and  MCF-7  cells  were  treated  with  10“^  M 
AVtrans  RA  for  72  h.  Arrows  indicate  the  apoptotic  nuclei,  (f)  TdT  assays  of 
parental  and  RARp-transfected  MB231  (MB231/RAR(33)  cells  and  parental  and 
antisense  RARp-transfected  ZR-75-1  (ZR-75-l/A-RARplO)  cells  after  24  h  of 
AW-trans  RA  treatment.  Representative  histograms  show  relative  apoptotic  cell 
numbers.  FL,  fluorescence,  (g)  ELISA  analysis  of  DNA  fragmentation  in  apop¬ 
totic  breast  cancer  cells.  Error  bars  show  standard  deviations. 


any  change  in  ER  expression  levels  (data  not  shown),  indicat¬ 
ing  that  ER  activities  are  not  involved  in  RARp -mediated 
growth  inhibition  in  breast  cancer  cells.  Recently,  we  have 
observed  that  RA  can  inhibit  ER  transcriptional  activity  in 
breast  cancer  cells  (41).  Rubin  et  al.  (65)  also  reported  that 
9-cis  RA  could  down-regulate  ER  activity  in  MCF-7  cells. 
These  data  demonstrate  a  possible  cross-talk  between  retinoid 
signaling  and  estrogen  signaling  in  breast  cancer  cells  that  may 
influence  RA-induced  growth  inhibition  in  breast  cancer  cells. 

The  mechanisms  by  which  retinoids  negatively  regulate 
growth  are  largely  unknown.  A  possible  mechanism  is  their 
inhibitory  effect  on  the  transcriptional  regulatory  activity  of  the 
proto-oncogene  products  cJun  and  cFos,  the  components  of 
AP-1,  which  are  commonly  associated  with  cell  proliferation 
(67,  79).  In  this  study,  we  provide  evidence  that  induction  of 
apoptosis  by  RARp  may  represent  another  important  mecha¬ 
nism  by  which  RA  exerts  its  growth-inhibitory  function.  Apop¬ 
tosis,  as  a  distinct  form  of  cell  death,  is  an  important  process 
that  can  lead  to  tumor  regression,  and  suppression  of  apoptosis 
is  often  associated  with  abnormal  cell  survival  and  malignant 
growth.  Apoptosis  of  lymphoblasts  induced  by  steroid  hor¬ 
mones,  such  as  glucocorticoid,  has  been  suggested  to  account 
for  the  antileukemic  activity  of  these  agents  (74).  Retinoids 
were  also  reported  to  induce  cell  death  in  hematopoietic  cells 
(58)  and  in  breast  cancer  cells  (61,  68).  How  retinoid-induced 
apoptosis  is  mediated  remains  to  be  seen.  The  observations 
(16,  54)  that  the  expression  of  RARp  in  the  developing  mouse 
limb  is  highly  restricted  to  the  mesenchyme  of  the  interdigital 
regions  destined  to  undergo  apoptosis  (38)  imply  that  RARp 
could  be  associated  with  programmed  cell  death.  In  this  study, 
we  observed  RA-induced  apoptosis  in  ZR-75-1  cells  that  highly 
expressed  RARp.  Inhibition  of  RARp  activity  by  the  expres- 
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sion  of  RARp  antisense  RNA  reduced  the  number  of  apop- 
totic  cells  (Fig.  8g).  In  contrast,  RA-induced  apoptosis  was  only 
observed  in  hormone-independent  cells  when  RARp  was  in¬ 
troduced  and  expressed  in  the  cells  (Fig.  8g).  These  data 
clearly  demonstrate  that  RARp  is  able  to  mediate  RA-induced 
apoptosis  of  breast  cancer  cells. 

RARp  is  expressed  in  normal  breast  tissue  and  in  normal 
human  breast  cell  lines  (72).  In  our  study,  d\\-trans  RA-induced 
RARp  expression  was  found  only  in  hormone-dependent 
breast  cancer  cell  lines  and  not  in  independent  cell  lines.  Since 
hormone-independent  breast  cancer  cells  are  usually  consid¬ 


ered  to  represent  those  at  a  late  stage  of  breast  tumor  progres¬ 
sion,  this  observation  suggests  that  the  loss  of  RARp  gene 
expression  may  have  important  pathogenic  consequences  dur¬ 
ing  the  development  of  human  breast  cancer.  Alteration  of 
RARp  activities  may  be  involved  in  the  development  of  human 
liver  cancer  (12).  In  lung  and  breast  cancer,  a  deletion  of  the 
short  arm  of  chromosome  3p,  a  region  that  maps  close  to  the 
RARp  gene,  occurs  with  high  frequency  (15,  59,  80).  Abnor¬ 
mally  low  levels  of  RARp  gene  expression  were  observed  in 
many  human  lung  cancer  cell  lines  and  other  cancer  cell  lines 
(22,  30,  32,  60,  86)  and  were  suggested  to  contribute  to  the 
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neoplastic  progression  of  human  oral  squamous  cell  carcinoma 
cell  lines  (32)  and  the  tumorigenicity  of  human  papillomavirus 
type  18-transformed  HeLa  cells  (3),  Furthermore,  RARp  has 
been  shown  to  function  as  a  tumor  suppressor  gene  in  epider¬ 
moid  lung  carcinoma  cells  (31).  These  observations,  therefore, 
suggest  that  a  low  expression  level  of  the  RARp  gene  may  be 
an  important  contributing  factor  for  cancer  development.  The 
present  finding  that  RARp  can  promote  apoptosis  suggests  that 
the  loss  of  RARp  activities  could  remove  such  a  negative  control 
mechanism,  resulting  in  uncontrolled  cell  proliferation  and,  there¬ 
fore,  an  enhancement  of  the  transformed  phenotype  of  the  cells. 

In  conclusion,  our  results  demonstrate  that  the  loss  of 
RARp  gene  expression  and  regulation  by  ?i\Urans  RA  is  a 
common  feature  associated  with  hormone-independent  breast 
cancer  cells  and  may  be  one  of  the  major  factors  responsible 
for  diminished  retinoid  sensitivity  during  the  progression  of  a 
breast  tumor.  Thus,  the  expression  level  of  the  RARp  gene 
and  its  response  to  RA  may  serve  as  diagnostic  factors  for 
cancer  and  may  be  also  used  to  determine  whether  patients 
with  breast  cancer  will  respond  to  RA  treatment.  Our  results 
also  demonstrate  that  RARp  mediates  the  growth-inhibitory 
effect  of  RA  in  part  by  inducing  cell  apoptosis,  which,  when 
lost,  may  contribute  to  cancer  development.  The  observation 
that  introduction  of  the  RARp  gene  into  RARp -negative  can¬ 
cer  cells  can  restore  RA  sensitivities  provides  valuable  direc¬ 
tions  for  the  development  of  new  strategies  for  the  treatment 
of  human  breast  cancer. 
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ADDENDUM 

Seewaldt  et  al.  have  recently  reported  that  RARp  can  me¬ 
diate  growth  arrest  and  induce  apoptosis  in  human  breast  cancer 
cells  (67a);  their  results  support  our  discovery  in  this  study. 
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Abstract 

Retinoids,  the  natural  and  synthetic  vitamin  A  derivatives,  are  known  to  inhibit  the  proliferation  of  lung  cancer  and  breast 
cancer  cells  and  the  growth  of  carcinogen-induced  bronchogenic  squamous  cell  carcinoma  and  mammary  tumors,  and  have 
been  used  as  chemoprevention  agents  against  both  types  of  cancer.  However,  clinical  trials  of  retinoids  in  patients  with 
advanced  lung  cancer  and  breast  cancer  have  not  been  successful.  In  studying  how  retinoid  sensitivity  is  lost  in  cancer  cells, 
we  have  found  that  lack  of  the  retinoic  acid  receptor  /3  (RAR/3)  gene  expression  and  its  abnormal  regulation  by  retinoic 
acid  (RA)  are  common  features  in  human  lung  cancer  and  breast  cancer  cells.  The  absence  and  abnormal  RA  regulation  of 
RAR)S  correlates  with  the  loss  of  anti-proliferation  effect  of  RA  in  hormone-independent  breast  cancer  cells,  and  is  due  to 
different  abnormalities  found  in  cancer  cells.  Furthermore,  expression  of  RAR  j3  gene  in  hormone-independent  breast  cancer 
cells  restores  their  RA  sensitivity.  These  data  demonstrate  that  RARjS  can  mediate  the  growth  inhibitory  effect  of  RA  and 
suggest  that  the  lack  of  RARjS  may  contribute  to  retinoid  resistance  in  certain  cancer  cells. 

Keywords:  Chemoprevention;  Retinoic  acid  receptor  p\  Retinoic  acid;  Retinoid  resistance;  Malignancy;  Carcinogenesis 


1.  Background 

Retinoids  are  a  group  of  natural  and  synthetic 
vitamin  A  analogs  that  exert  profound  effects  on  the 
growth  and  differentiation  of  normal,  premalignant 
and  malignant  epithelial  cells  in  vitro  and  in  vivo 
[1,2].  They  have  been  found  to  suppress  carcinogene¬ 
sis  in  experimental  animals  and  exhibit  different 
degrees  of  efficacy  in  chemoprevention  and  therapy 
of  many  types  of  malignancy  [1-3].  The  exciting 
results  of  several  clinical  trials  concerning  the  bene¬ 
ficial  effect  of  retinoids  have  been  recently  reported. 
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Retinoic  acid  (RA)  showed  dramatic  anti-tumor  ef¬ 
fects  in  patients  with  acute  promyelocytic  leukemia 
(APL)  [4-7]  and  high  response  rates  for  patients 
with  cervical  cancer  [8]  and  metastatic  squamous 
cancer  of  the  skin  [9].  Isotretinoin  (IS-cw-retinoic 
acid)  was  reported  to  cause  repression  of  premalig¬ 
nant  leukoplakia  of  the  buccal  mucosa  [10]  and  can 
reverse  premalignant  lesions  and  prevent  the  occur¬ 
rence  of  second  primary  tumors  in  patients  with 
squamous-cell  carcinoma  of  the  head  and  neck  [11]. 

Since  retinoids  are  involved  in  the  general  mainte¬ 
nance  or  enhancement  of  differentiation  and  cancer 
is  a  process  in  which  loss  of  differentiation  occurs, 
retinoids  have  been  considered  as  potent  cancer 
chemopreventive  agents.  So  far,  the  preventive  effect 
of  retinoids  against  lung  cancer  or  breast  cancer  has 
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been  well  recognized.  Low  dietary  intake  or  serum 
levels  of  ^-carotene  are  often  associated  with  in¬ 
creased  risk  of  lung  cancer  and  breast  cancer  [12-15]. 
Vitamin  A  can  inhibit  the  carcinogenesis  processes 
of  chemical-induced  bronchogenic  squamous  cell 
carcinoma  and  anaplastic  carcinoma  as  well  as  mam¬ 
mary  tumor  [16-19],  and  its  deficiency  induces 
squamous  metaplasia,  a  commonly  found  premalig- 
nant  lesion  [20].  Similarly,  retinoids  can  affect  re¬ 
gression  of  premalignant  lung  lesions  and  convert 
metaplastic  bronchi  in  heavy  cigarette  smokers  to 
normal  [21].  In  vitro,  RA  plays  a  critical  role  in 
regulating  the  differentiation  and  proliferation  of  tra¬ 
cheobronchial  epithelial  cells  and  is  known  to  sup¬ 
press  the  squamous  differentiation  of  these  cells 
[20,22,23].  Promising  results  have  been  recently  re¬ 
ported  using  13-C/5-RA  in  chemoprevention  trials  in 
lung  and  upper-aerodigestive  tract  cancer,  showing 
that  this  retinoid  can  reverse  premalignant  lesions 
and  prevent  the  occurrence  of  second  primary  tumors 
[24].  In  breast  cancer  cells,  retinoids  are  effective 
inhibitors  of  their  proliferation  [25-30].  However, 
inhibition  on  growth  of  breast  cancer  cells  in  culture 
was  often  observed  in  hormone-dependent  but  not  in 
hormone-independent  breast  cancer  cells.  The  inhibi¬ 
tion  was  seen  when  retinoids  are  administered  alone 
or  in  combination  with  anti-estrogen  [31-34],  where 
synergistic  effects  were  found.  In  addition,  the  .syner¬ 
gistic  effects  in  inhibiting  the  initiation  and  promo¬ 
tion  of  mammary  tumors  induced  by  carcinogens 
were  reported  when  retinoids  was  used  in  combina¬ 
tion  with  ovariectomy  or  anti-estrogens  [18,19]. 
These  observations  indicate  that  retinoids  can  act  as 
effective  cancer  chemopreventive  agents  and  may 
serve  as  potential  chemotherapeutic  agents  against 
lung  cancer  and  breast  cancer.  However,  clinical 
trials  of  retinoids  in  patients  with  advanced  lung 
cancer  or  breast  cancer  have  not  demonstrated  signif¬ 
icant  activities  [3,24,35-38],  suggesting  possible 
modification  of  retinoid  response  during  progression 
of  these  tumors. 

The  effects  of  retinoids  are  mainly  mediated  by 
two  classes  of  nuclear  receptors,  the  RA  receptors 
(RARs)  [39-44]  and  the  retinoid  X  receptors  (RXRs) 
[45-49].  Both  types  of  receptors  are  encoded  by 
three  distinct  genes,  a,  and  7  [39-49].  R^s  and 
RXRs  are  part  of  the  steroid/ thyroid  hormone  recep¬ 
tor  superfamily  [50,51].  They  function  as  ligand- 


activated  transcription  factors  that  bind  to  specific 
RA  responsive  sequences  (RARE)  on  the  target  genes 
as  RXR/RAR  or  RXR/RXR  dimeric  complexes 
([47.48,52-56])  and  regulate  the  transcriptional  ex¬ 
pression  of  these  .genes.  One  Of  the  target  genes  is 
RAR^  itself  and  a  RARE  (^RARE)  has  been 
identified  in  its  promoter  region,  that  consists  of  two 
directly  repeated  copies  of  the  core  motif  sequence 
(G /A)GTTC A  separated  by  5  nucleotides  [57-59]. 
The  level  of  RAR^  transcript  increases  dramatically 
in  response  to  RA  due  the  presence  of  )3RARE 
[57-59].  This  auto-induction  of  RAR)3  transcription 
was  observed  in  many  different  cell  types  and  tissues  • 
including  lung  and  mammary  tissues  [60,61]. 

Despite  extensive  research  on  the  mechanism  by 
which  RA  functions,  how  retinoids  inhibit  the  prolif¬ 
eration  of  cancer  cells  and  how  retinoid  sensitivity  is 
lost  in  advanced  tumors  are  unclear.  Since  the  retinoid 
responses  are  mainly  mediated  by  their  nuclear  re¬ 
ceptors.  we  have  investigated  the  expre.s.sion  of 
retinoid  receptor  genes  (RARs  and  RXRs)  in  differ¬ 
ent  human  lung  and  breast  cancer  cell  lines.  Our 
results  reveal  a  high  frequency  of  undetectable  ex¬ 
pression  and  abnormal  RA  regulation  of  RAR^  gene 
in  human  lung  cancer  and  breast  cancer  cell  lines 
and  suggest  that  the  lack  of  the  RAR/3  gene  expres¬ 
sion  and  its  responsiveness  to  RA  may  represent  a 
general  alteration  of  RA  sensitivity  program  in  can¬ 
cer  cells,  which  may  contribute  to  cancer  develop¬ 
ment  and  may  account  for  the  ineffective  treatment 
in  usins  retinoids  for  patients  with  advanced  tumor. 

2.  Abnormal  expression  and  RA  regulation  of  the 
RAR/3  gene  in  human  lung  cancer  cell  lines 

As  the  first  step  to  establish  the  involvement  of 
RARs  and  RXRs  in  mediating  retinoid  response  in 
lung  cancer  cells  and  whether  altered  expression  and 
function  of  these  receptor  genes  contributes  to  im¬ 
paired  RA  response  in  the  cells,  we  investigated  the 
expression  of  these  genes  in  various  lung  cancer  cell 
lines,  including  small  cell  lung  carcinoma  (H146), 
squamous  cell  carcinoma  (SK-MES-1),  adenosqua¬ 
mous  carcinoma  (H292),  large  cell  carcinoma 
(H661),  adenocarcinoma  (Calu-3)  and  anaplastic  car¬ 
cinoma  (Cal'u-6).'Similaf  expression  levels  of  RAR  a 
and  RARy  as  well  as  RXRa  and  RXR^  genes 
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Fig.  1.  The  expression  of  RAR^  gene  in  the  human  lung  cancer 
(A)  and  breast  cancer  (B)  cell  lines.  The  expression  of  RARjS 
gene  was  determined  by  Northem-blot  analysis  using  total  RNA 
prepared  from  different  lung  cancer  (A)  and  breast  cancer  (B)  cell 
lines.  Total  RNAs  from  lung  cancer  cell  lines  (20  ptg)  and  from 
breast  cancer  cell  lines  (30  jug)  were  separated,  transferred  to 
Nylon  filters,  and  probed  with  the  '^“P»labeled  ligand-binding 
domain  of  RARjS,  To  determine  the  effect  of  RA,  cells  were 
treated  with  10'^  M  RA  for  36  h  before  RNA  preparation.  The 
expression  of  the  /3-aciin  gene  was  used  as  a  control  to  ensure  that 
same  amounts  of  RNA  were  used. 


RAR/3  gene  is  a  well  known  RA-responsive  gene 
due  to  the  presence  of  )3RARE  in  its  promoter 
[57-59].  The  jSRARE  is  a  potent  RA  response 
element,  which  can  be  activated  by  RAR/RXR  het¬ 
erodimers  [52]  in  many  different  cell  types,  including 
F9  and  P19  embryonal  carcinoma  cells.  In  normal 
lung  tissue,  a  16-fold  induction  of  RARjS  transcript 
by  RA  was  observed  [61].  Thus,  the  expression  of 
the  RAR  jS  gene  in  response  to  RA  may  be  used  to 
determine  the  degree  of  general  RA  responsiveness 
in  cells.  To  study  RA  response,  we  examined  the 
effect  of  RA  in  inducing  RAR  jS  gene  expression  in 
different  human  lung  cancer  cell  lines  (Fig.  lA).  In 
contrast  to  the  dramatic  effect  of  RA  in  inducing 
RAR/3  gene  expression  in  normal  lung  and  many 
other  cell  lines  [57-61],  addition  of  RA  did  not 
induce  RARjS  expression  in  most  of  the  lung  cancer 
cell  lines  investigated  (Fig.  1  A),  When  the  cells  were 
exposed  to  RA,  the  level  of  RARjS  transcript  in 
normal  lung  16-Lu  cells  was  dramatically  enhanced 
(about  10-fold).  Similarly,  the  expression  of  RARjS 
gene  was  enhanced  in  Calu-6  cells.  In  contrast, 
treatment  with  RA  failed  to  induce  the  expression  of 
RARjS  gene  in  H146,  H661  and  SK-MES-1  cells. 
Although  H292  and  Calu-3  cells  expressed  high 
levels  of  the  RARjS  transcript,  treatment  of  the  cells 
did  not  influence  their  expression  levels.  To  ensure 
that  an  equal  amounts  of  RNA  were  used  for  each 
sample,  the  expression  of  jS-actin  gene  was  exam¬ 
ined  for  comparison.  Thus,  the  low  expression  levels 
and  the  loss  of  the  RA  sensitivity  in  inducing  RARjS 
gene  expression  are  common  features  of  these  cancer 
cells. 


were  detected  in  all  these  lines  [62].  However,  the 
expression  levels  of  RARjS  gene  varied  dramatically 
among  them  (Fig.  lA).  It  was  highly  expressed  in 
Calu-3  and  H292  cells  while  its  expression  was  not 
detectable  in  Calu-6,  H146,  H661  and  SK-MES-1 
cells.  Thus,  the  RARjS  gene  may  be  abnormally 
expressed  in  the  majority  of  human  lung  cancer  cell 
lines.  This  result  is  consistent  with  observation  made 
by  other  groups  when  other  lung  cancer  cell  lines 
were  studied  [63-66],  suggesting  that  lack  of  the 
RARjS  gene  expression  may  be  involved  in  the 
development  of  lung  cancer. 


3.  Anti-proliferation  effect  of  RA  and  RAR  jS  gene 
expression  in  human  breast  cancer  cell  lines 

Retinoids  are  effective  inhibitors  of  the  prolifera¬ 
tion  of  breast  cancer  cells  [25-30].  However,  despite 
extensive  research  on  retinoid  response  in  breast 
cancer  cells,  how  the  growth  inhibitory  effects  of 
retinoids  are  lost  in  hormone-independent  breast  can¬ 
cer  cells  is  presently  unclear.  We  examined  the 
expression  of  the  retinoid  receptor  genes  in  a  number 
of  hormone-dependent  (ZR-75-1  and  T-47D)  and 
hormone-independent  (MB468,  MB231,  BT-20)  cell 
lines.  Similar  expression  levels  of  the  RAR  a,  RARy, 
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RXRo:  and  RXR^  were  detected  in  these  cell  lines 
(data  not  shown).  However,  the  expression  of  the 
RAR/3  gene  was  not  seen  in  all  these  lines  (Fig. 
IB).  When  the  effect  of  RA  on  the  expression  of  the 
RARjS  gene  was  analyzed,  we  observed  a  strong 
induction  of  the  RAR^  gene  expression  in  two 
hormone-dependent  cell  lines.  Interestingly,  the  in¬ 
duction  was  not  seen  in  all  hormone-independent  cell 
lines  (Fig.  IB).  The  loss  of  RA  response  in  inducing 
RAR/3  gene  expression  in  all  the  hormone-indepen¬ 
dent  human  breast  cancer  cell  lines  investigated  indi¬ 
cates  that  the  regulation  of  the  RAR  ^  gene  expres¬ 


sion  by  RA  is  disturbed  in  these  cell  lines.  Recently, 
it  was  also  demonstrated  that  the  expression  of  the 
RARg;  gene  is  relatively  lower  in  some  hormone-in¬ 
dependent  breast  cancer  cell  lines  [67-69].  Since 
hormone-independent  breast  cancer  cells  are  usually 
considered  to  represent  those  at  late  stage  of  breast 
tumor  progression,  these  observations  suggest  that 
the  lack  of  RARs  may  have  important  pathogenic 
consequence  during  the  development  of  human  breast 
cancer  and  may  be  responsible  for  the  diminishment 
of  retinoid  sensitivity  during  the  progression  of  breast 
tumor. 


MB231  BT-20 


ZR-75-1  T-47D 


Conc«ntraUon  (log  M) 


Concentration  (log  M) 


Fig.  2.  Effect  of  eXVtrans  RA  and  9-c/j  RA  on  the  growth  of  hormone-dependent  and  -independent  breast  cancer  cells.  To  investigate 
whether  all-frons  RA  and  9-c/s  RA  could  inhibit  the  proliferation  of  human  breast  cancer  cells,  the  effect  of  RAs  on  the  growth  of 
hormone-dependent  (ZR75-1  and  T-47D)  and  -independent  (MB231  and  BT-20)  breast  cancer  cells  was  analyzed  using  a  non-radioactive 
Cell  Proliferation/Cytotoxicity  Assay  Kit  (Promega).  Briefly,  cells  were  seeded  at  1000-2000  cells  per  well  in  96-weIl  plates  (Costar),  and 
treated  with  various  concentrations  of  zW-trans  RA  or  9-cty  RA  for  7  days.  Media  were  changed  every  48  h.  The  number  of  viable  cells 
were  determined  by  their  capacity  to  convert  a  tetrazolium  salt  into  a  blue  formazan  product  that  was  measured  using  an  ELISA  plate  reader. 
The  results  were  expressed_^  a  percentage  of  absoAmce  at  550  pm  of  MTT-^deriyed  formazan  developed  by.  cells  .treated  with  control 
solvent 
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4.  RAR  P  mediates  the  anti-proliferation  effect  of 
RA  in  human  breast  cancer  cells 

The  fact  that  RARp  is  not  expressed  in  many 
lung  cancer  and  breast  cancer  cell  lines  points  to  the 
possibility  that  it  may  mediate  the  anti-growth  effect 
of  retinoids  and  that  the  lack  of  RAR/3  may  con¬ 
tribute  to  retinoid  resistance  in  these  cancer  cells.  To 
determine  whether  the  expression  levels  of  RARjS 
could  reflect  biological  response  of  breast  cancer 
cells  to  retinoids,  we  measured  the  growth  inhibitory 
effect  of  aW'trans  RA  and  9-cis-RA  on  several  breast 
cancer  cell  lines  by  MTT  assay  (Fig.  2).  Both  RAs 
showed  a  strong  inhibition  of  the  growth  of  hor¬ 
mone-dependent  cell  lines  (T47D  and  ZR-75-1)  while 
they  had  little  effect  on  hormone-independent  lines. 
Thus,  the  induction  of  RAR  p  gene  expression  corre¬ 
lates  with  the  growth  inhibitory  effect  of  RA,  sug¬ 
gesting  that  RAR  P  may  be  required  for  the  growth 
inhibitory  effect  of  retinoids  in  breast  cancer  cells. 

How  RARp  mediates  the  anti-proliferation  effect 


RA  Concentration  (-log  M) 

Fig.  3.  Stable  expression  of  RAR  p  gene  confers  RA  response  of 
hormone-independent  breast  cancer  cells.  The  cDNA  for  the 
RAR^  gene  was  cloned  into  pRc/CMV  expression  vector  (In- 
vitrogene,  San  Diego,  CA)  so  that  the  expression  of  the  RAR^ 
gene  is  under  the  control  of  CMV  promoter.  The  vector  also 
contains  a  neomycin  resistance  gene  that  allows  transfected  cells 
grow  in  the  presence  of  G418.  The  resulting  pRc/CMV-RARp 
recombinant  construct  was  then  stably  transfected  into  MB231 
cells  using  calcium  phosphate  precipitation  method  [52].  Stable 
transfectants  that  express  RAR  p  gene  were  determined  by  North¬ 
ern-blot  analysis  (not  shown).  The  growth  of  one  of  the  stable 
transfectants  and  parental  MB231  cells  in  the  absence  or  presence 
of  RA  was  determined  as  described  in  Fig.  2. 


of  retinoids  is  unclear.  It  is  known  that  RARs,  in 
response  to  RA,  can  inhibit  the  effect  of  tumor 
promoter  TPA  and  the  transcriptional  activity  of 
proto-oncogenes  cJun  and  cFos,  which  are  com¬ 
monly  associated  with  cell  proliferation  [70,71].  Loss 
of  RAR  activities  could  remove  such  a  negative 
control  mechanism  and  therefore  enhance  the  prolif¬ 
erative  activity  of  cells.  Due  to  auto-regulation  of 
RAR/3  by  RA,  the  expression  of  RAR  j3 'may  play  a 
critical  role  in  increasing  RA  sensitivity.  Therefore, 
the  failure  of  RA  to  up-regulate  RAR  P  expression 
suggests  that  lung  cancer  and  breast  cancer  cells  may 
have  lost  most,  if  not  all,  their  RA  sensitivities.  The 
association  between  altered  RAR  transcriptional  ac¬ 
tivities  and  carcinogenesis  has  been  recently  demon¬ 
strated  in  APL  cells  where  an  abnormal  RAR  a 
fusion  transcript,  with  altered  transcriptional  activity, 
is  produced  by  the  characteristic  chromosomal 
translocation  [72-75].  It  was  also  reported  that  an 
abnormal  low  expression  of  RAR/3  receptor  may 
contribute  to  neoplastic  progression  of  human  oral 
squamous  cell  carcinoma  cell  lines  [76]  and  the 
tumorigenicity  of  papillomavirus  18  transformed 
HeLa  cells  [77].  Since  RAR/3  was  shown  to  function 
as  a  tumor  suppressor  gene  in  epidermoid  lung  car¬ 
cinogenesis  [78],  a  low  expression  level  of  RARp 
may  be  also  involved  in  lung  cancer  and  breast 
cancer  development. 

To  obtain  direct  evidence  that  the  lack  of  the 
RAR  p  gene  expression  contributes  to  retinoid  resis¬ 
tance  in  cancer  cells,  we  stably  transfected  the  RARp 
gene  into  MB231  cells  in  which  the  RAR/3  gene  is 
not  expressed  (Fig,  IB).  The  stable  transfectants  that 
expressed  the  exogenous  RAR/3  gene  were  subject 
to  analysis  for  their  response  to  the  inhibitory  effect 
of  RA  on  anchorage-dependent  cell  growth.  Fig.  3 
shows  the  growth  response  to  RA  of  one  of  the 
stable  transfectants.  The  parental  MB231  cells  and 
the  cells  transfected  with  empty  vector  alone  (data 
not  shown)  did  not  show  any  response  to  RA.  How¬ 
ever,  the  growth  of  the  MB23 1  cells  that  express  the 
RARp  gene  was  significantly  inhibited  by  RA  in  a 
similar  way  that  observed  in  hormone-dependent  cells 
(Fig.  2).  In  addition,  their  anchorage-independent 
growth  on  soft  agar  was  also  inhibited  by  RA  (data 
not  shown).  Furthermore,  we  found  that  RA  could 
promote  apoptosis  in  MB231  cells  when  RAR/3  was 
expressed  (not  shown).  These  data,  therefore,  pro- 
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vide  a  direct  evidence  that  the  expression  of  the 
RAR  gene  can  mediate  the  growth  inhibitory  effect 
of  retinoids  in  breast  cancer  cells. 

5.  Multiple  mechanisms  are  responsible  for  the 
loss  of  the  RAR  P  gene  expression 

Understanding  how  the  expression  of  the  RARjS 
gene  is  abnormally  regulated  in  cancer  cells  is  funda¬ 
mental  to  restoring  functional  RAR  activities  in  can¬ 
cer  cells  and  may  lead  to  early  detection  and  valu¬ 
able  diagnostic  markers  of  cancer  cells.  Although  the 
mechanism  is  presently  unknown,  our  results  (Fig.  4) 
suggest  that  multiple  mechanisms  may  exist  (Fig.  5). 

5.1.  Mutations  in  retinoid  receptors 

Mutations  within  nuclear  receptor  genes  have  been 
found  in  many  different  diseases  and  are  associated 
with  their  diminished  ligand  responsiveness.  An  well 
known  example  is  v-erb  A.  V-erb  A  is  the  highly 
mutated  form  of  c-erb  A.  It  does  not  bind  T3  but 
functions  as  repressor  of  several  member  of  the 
steroid/thyroid  hormone  receptor  family  [79].  In 
patients  with  generalized  resistance  to  thyroid  hor¬ 
mone  (GRTH  syndrome),  single  amino  acid  muta¬ 
tions  of  TR  results  in  the  expression  of  receptors 
with  either  reduced  or  no  T3  binding  activity  [80]. 
Similarly,  a  single  amino  acid  change  in  the  ligand 
binding  domain  of  RAR  a  dramatically  alters  its 
ligand  binding  and  transcriptional  activity  [81],  and 
is  responsible  for  the  loss  of  RA  sensitivity.  Further¬ 
more,  abnormal  RAR  a  fusion  transcript  is  involved 
in  the  development  of  APL.  Therefore,  the  loss  of 
RA  response  in  inducing  RAR^  gene  expression 
observed  in  lung  cancer  cells  raises  the  possibility 
that  these  cells  may  contain  mutations  in  RAR  or 
RXR  genes.  When  we  investigated  jSRARE  activity 
by  transient  transfection  using  a  reporter  containing 
the  ^RARE  linked  with  tk  promoter  (j3RARE-tk- 
CAT,  [59])  in  both  RA  ‘responsive’  (cancer  cells  in 
which  endogenous  RAR  P  gene  expression  could  be 
enhanced  by  RA)  and  ‘nonresponsive’  (cancer  cells 
in  which  endogenous  RARjS  gene  expression  could 
not  be  enhanced  by  RA)  lung  cancer  cell  lines,  we 
observed  a  strong  reduced  RA  response  in  H292 
cells  (Fig.  4A).  The  slight  RA  response  observed 
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RARp  Promoter 


Fig.  4.  Transcriptional  activity  of  RARE  and  RARjS  gene  pro¬ 
moter  in  human  lung  cancer  cell  lines.  ^RARE-tk-CAT  [59]  (A) 
or  Bglll-BamUl  fragment  of  RARjS  gene  promoter  [59]  (B) 
linked  with  CAT  gene  were  used  as  reporter  genes  to  determine 
RA  response  in  indicated  human  lung  cancer  cell  lines.  2.0  fxg  of 
jSRARE-tk-CAT  (A)  or  Sg/II-BnmHI-BS-CAT  (B),  3.0  fig  of 
jS-gal  expression  vector  (pCH  1 10,  Pharmacia)  were  transiently 
transfected  into  the  indicated  cells  using  the  calcium  phosphate 
precipitation  method  [52].  Cells  were  grown  in  the  presence  or 
absence  of  ligand  (RA  =  10“^  M),  CAT  activity  was  determined 
by  a  modified  assay  as  described  [52].  Counts  per  minute  that 
were  normalized  for  transfection  efficiency  by  the  corresponding 
jS-gal  activity  were  expressed  as  relative  CAT  activity.  The  data 
shown  are  means  of  three  separate  experiments. 


may  be  due  to  amplification  by  the  high  copy  num- 
ber  of  the  jSRARE  introduced  by  transient  transfec¬ 
tion  and  may  not  be  biological  significant.  Since 
activation  of  the  )3RARE  requires  the  binding  of 
RAR/RXR  heterodimers  [52],  and  endogenous 
RARs  and  RXRs  are  highly  expressed  in  H292  cells 
[66],  the  loss  of  the  /3  RARE  activity  in  H292  cells  is 
likely  due  to  mutations  present  in  endogenous  retinoid 
receptors.  To  study  this  possibility,  we  have  exam¬ 
ined  the  )3  RARE  binding  complexes  formed  by 
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nuclear  proteins  prepared  from  either  H292  or  Calu-6, 
H661,  and  SK-MES-1  cells.  Our  results  (Lee,  M-0, 
and  Zhang,  X-k.  Unpublished  data)  demonstrate  that 
H292  nuclear  proteins  formed  a  very  different  com¬ 
plex  with  /3RARE  as  compared  to  other  cell  lines. 
Thus,  H292  cells  may  contain  mutated  retinoid  re- 
ceptor(s)  that  may  have  lost  their  ligand  responsive¬ 
ness. 

5.2.  Alteration  of  retinoid  receptor  co-activators 

The  observation  that  /3  RARE-tk-C AT  can  be  ac¬ 
tivated  by  RA  in  RA  nonresponsive  cancer  cell 
SK-MES-1  (Fig.  4A)  suggests  that  the  cells  contain 
necessary  factors  to  activate  RARE.  Since  activation 
of  RARE  requires  the  binding  of  RAR/RXR  het¬ 
erodimers  [52]  and  RARa,  RARy  and  RXR  genes 
were  well  expressed  in  SK-MES-1  cells  [66],  the 
presence  of  RARa,  RARy  and  RXRs  in  the  cells 
may  not  be  sufficient  to  render  them  responsive  to 
RA.  Although  the  underlying  mechanism  is  unclear, 
similar  observations  have  been  made  in  other  cell 
types.  RARa  was  found  to  be  expressed  in  most 
human  leukemia  cells  regardless  of  their  responsive¬ 
ness  to  RA  [82-84].  In  melanomas,  it  was  found  that 
levels  of  constitutive  expression  of  RAR  a  and  RARy 
were  similar  among  RA  resistant  and  RA-sensitive 


cells  [85].  These  observations  and  the  present  finding 
that  endogenous  RARs  and  RXRs  could  not  activate 
RARjS  gene  promoter  suggests  that  other  factors, 
other  than  RARs  and  RXRs,  are  required  to  mediate 
the  transactivation  function  of  RARs  and  RXRs  in 
the  RARjS  gene  promoter.  These  factors  that  may 
function  as  either  activators  or  repressors  on  the 
RAR/3  promoter  appear  to  be  missing  or  mutated  in 
SK-MES-1  cells.  The  nature  of  these  factors  is 
presently  unknown.  However,  it  has  been  suggested 
that  retinoid  receptors  require  co-activator(s)  for  effi¬ 
cient  transactivation  activity.  These  co-activators  may 
function  as  ‘bridge’  to  mediate  the  interaction  be¬ 
tween  retinoid  receptors  and  the  basic  transcriptional 
machinery  in  a  promoter  or  response  element  spe¬ 
cific  manner  and  thereby  allow  the  transactivation 
function  of  retinoid  receptors  on  a  particular  target 
gene.  El  A  like  protein  has  been  reported  to  function 
as  co-activator  of  RA-dependent  RAR/3  promoter 
transactivation  [86,87].  Although  our  data  (not 
shown)  suggest  that  El  A  is  not  responsible  for  the 
altered  RA  response  in  inducing  RAR/3  gene  expres¬ 
sion  in  lung  cancer  cells,  our  preliminary  results 
(data  not  shown)  show  that  there  are  several  high 
molecular  weight  proteins  that  can  interact  with  RAR 
in  lung  cancer  cells.  Interestingly,  some  of  these  high 
molecular  weight  proteins  are  not  expressed  in  SK- 


Fig.  5.  Possible  alterations  in  the  regulation  of  RAR/3  gene  expression  in  lung  cancer  cells.  The  expression  of  the  RAR^  gene  in  response 
to  RA  is  mainly  regulated  by  a  RARE  (/3 RARE)  present  in  its  promoter.  The  RAR/3  gene  product,  other  retinoid  receptors  (RAR  and 
RXR)  and  their  co-activators  (X)  are  involved  in  positive  regulation  of  RAR^  gene  expression,  resulting  in  amplication  of  RA  responses. 
Lack  of  transcriptional  activators  (RAR,  RXR  and  X)  or  mutations  present  in  these  activators  and  in  RAR/3  gene  promoter  as  well  as 
overexpression  of  transcriptional  repressors  may  lead  to  abnormal  expression  of  the  RAR/3  gene. 
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MES-1  cells.  Thus,  it  is  expected  that  these  unknown 
RAR  interacting  proteins  which  may  function  as 
retinoid  receptor  co-activators  on  the  /3RARE  likely 
play  an  important  role  in  mediating  RA  response, 
and  that  lack  or  alteration  of  these  proteins  as  well  as 
overexpression  of  an  unknown  transcriptional  repres¬ 
sor  on  the  RAR p  promoter  may  be  responsible  for 
the  impaired  RA  response  in  inducing  RARjS  gene 
expression  in  some  lung  cancer  cell  lines. 

5.5.  Mutations  in  the  RAR  13  gene  promoter 

The  loss  of  RAR/3  gene  expression  in  certain 
lung  cancer  cell  lines  may  be  due  to  mutations  in  the 
RAR  j8  gene  promoter  so  that  the  RAR  P  gene  can 
not  be  activated.  When  a  reporter  containing  the 
RAR^  gene  promoter  (  — 745  to  156)  (Fig.  4B,  [59]) 
linked  with  CAT  gene  was  transiently  transfected  in 
both  RA  responsive  (Calu-6)  and  nonresponsive 
(H661,  SK-MES-1  and  H292)  cancer  cell  lines,  a 
strong  induction  of  reporter  CAT  activity  was  ob¬ 
served  in  RA  nonresponsive  H661  cells  while  treat¬ 
ment  of  RA  did  not  induce  any  CAT  activity  in  other 
RA  nonresponsive  cell  lines  SK-MES-1  and  H292 
(Fig.  4B).  No  detectable  expression  of  RAR/3  was 
observed  in  H661  cells  either  in  the  absence  or 
presence  of  RA  (Fig.  lA)  while  cotransfected 
j3RARE-tk-CAT  or  RARjS  promoter  reporter  was 
activated  in  response  to  RA.  These  observations 
suggest  that  H661  cells  contain  all  necessary  factors 
to  activate  /3RARE  and  RAR)3  gene  promoter 
(  —  745  to  4-156).  Thus,  the  loss  of  RA  response 
observed  in  this  cell  line  may  be  due  to  a  very 
different  mechanism,  most  likely  a  mutation(s)  in  the 
endogenous  RAR/3  promoter,  from  that  of  H292  or 
SK-MES-1  cells.  However,  contribution  of  negative 
regulatory  elements  present  in  the  other  region  of  the 
RAR/3  gene  promoter  or  in  the  coding  region  can 
not  be  excluded. 


6.  Conclusion 

Retinoids  have  shown  promise  as  chemotherapeu¬ 
tic  agents  for  a  variety  of  human  malignancies. 
However,  no  significant  activity  has  been  observed 
-  when  they  are  used  in  the  treatment  of  patients  with 
advanced  cancer.  Our  results  demonstrate  that  lack 


of  RAR  /3  gene  expression  and  regulation  by  RA  is  a 
common  feature  associated  with  both  lung  cancer 
and  breast  cancer  cells  and  may  be  one  of  the  major 
factors  responsible  for  retinoid  resistance  in  these 
cells.  Our  results  also  demonstrate  that  RAR/3  can 
mediate  the  growth  inhibitory  effect  of  RA  and  exert 
anti-tumorigenic  activities  in  breast  cancer  cells. 
Thus,  the  expression  level  of  RAR  /3  and  its  response 
to  RA  regulation  may  be  used  to  determine  the 
degree  of  RA  sensitivities  in  cancer  cells,  and  a  lack 
of  RAR/S  may  contribute  to  cancer  development. 
Our  observations  also  provide  valuable  directions  for 
developing  retinoids  in  the  treatment  of  human  lung 
cancer  and  breast  cancer.  Further  analysis  of  the  RA 
response  of  various  cancer  cells  introduced  with 
RAR  jS  will  significantly  enhance  our  understanding 
of  the  relationship  between  RAR/3  and  RA  sensitiv¬ 
ity  of  cancer  cells.  Furthermore,  a  better  understand¬ 
ing  of  the  mechanism  by  which  the  expression  of 
RAR/3  gene  is  regulated  will  help  restoring  func¬ 
tional  RAR/3  activities  in  cancer  cells. 
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ABSTR.\CT 

Both  anchorage-dependent  growth  and  anchorage-independent  growth  of 
the  estrogen  receptor-positive  mammary  carcinoma  cell  line  MCF-7  are 
inhibited  by  aIl-/ra/i5-retinoic  acid.  This  cell  line  has  nuclear  retinoic  acid 
receptors  (RARs)  a  and  y.  The  natural  retinoids  all-Zrans-retinoic  acid  and 
9-c«-relinoic  acid  and  a  series  of  12  conformationally  restricted  retinoids, 
which  showed  a  range  of  binding  selectivities  for  these  receptors  and  had 
either  agonist  or  antagonist  activity  for  gene  transcriptional  activation  by  the 
RARs,  were  evaluated  for  their  abilities  to  inhibit  anchorage-dependent 
(adherent)  and  anchorage-independent  (clonal)  growth  of  MCF-7  cells.  Cor¬ 
relation  analyses  were  performed  to  relate  growth  inhibition  by  these  reti¬ 
noids  with  their  binding  affinity  to  RARa  or  RARy.  Inhibition  of  anchorage- 
dependent  growth  in  culture  after  7  days  of  retinoid  treatment  correlated 
with  binding  to  RARa  {n  =  14;  P  ^  0.001)  and  not  to  RARy  (n  =  14; 
/*  >  0.1).  Both  the  RARa-selective  retinoid  agonists  and  the  two  RAR  antag¬ 
onists  that  were  evaluated  inhibited  adherent  cell  growth.  The  RARy-selec- 
tive  agonists  had  very  low  growth  inhibitory  activity  (<  10%)  at  concentra¬ 
tions  as  high  as  12.5  pM.  These  results  suggest  that  RARa  is  the  retinoid 
recepter  involved  in  the  inhibition  of  adherent  cell  growth  by  retinoids  and 
that  transcriptional  activation  by  this  receptor  on  a  RAR  response  element 
does  not  appear  to  be  required  for  this  process  to  occur.  For  this  series  of 
retinoids,  inhibition  of  anchorage-independent  growth  after  21  days  of  reti¬ 
noid  treatment  only  correlated  (n  ^  12;  P  ^  0.005)  with  binding  affinity  to 
RARa  for  the  retinoid  agonists,  although  the  RARy-selective  retinoids  dis¬ 
played  weak  activity.  The  RAR  antagonists  were  very  poor  inhibitors  of 
growth.  These  results  suggest  that  activation  of  gene  transcription  by  RARa 
appears  to  be  required  for  inhibition  of  anchorage-independent  growth  by 
retinoids  in  this  estrogen  receptor-positive  mammary  carcinoma  cell  line, 

INTRODUCTION 

trans-RA^  inhibits  the  growth  of  ER"^  breast  cancer  cells.  The 
inhibition  of  cell  proliferation  by  irans-RA  and  other  retinoids  was  not 
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The  abbreviations  used  are:  rranj-RA,  all-rrani-retinoic  acid:  9-dj-RA.  9-dj'retinoic 
acid;  ER  ",  ER  estrogen  receptor-positive  and  -negative,  respectively;  E^.  17/3-estradiol; 
R.AR.  retinoic  acid  receptor;  RARE,  retinoic  acid  response  element;  NMR,  nuclear 
magnetic  resonance;  FBS,  fetal  bovine  serum;  SR3983.  (£)-4-[2-methyl-4-(2.6.6-trimeth- 
ylcyclohexen\i)-l,3-butadienyl]benzoic  acid:  TTNPB.  {£)-4-(2-{5.6.7.8-tetrahydro- 
5.5,8.8-letramethyl-2-naphthalenyl)propenyl]benzoic  acid;  Ro4 1-5253,  (£)-6-[l-{4- 

carbo.xyphenyl)propen-2-yl]3,4-dihydro-4,4-dimethyl-7-heptyIoxy-2/y-l-benzothiopyran  1,1- 
dioxide;  TTAB.  4-(5,6.7,8-tetrahydro-5.5,8,8-tetramethyl-2-anlhracenyl)benzoic  acid;  [''113)- 
TTAB,[r.3',4'-^H3j4-(5',6',7'.8'-tetrahydro-5',5'.8'.8'-tetramethyl-2'-anthracenyl)benzoic 
acid;  IT^MN,  6-(5.6,7,8-tetrahydro-5,5,8,8-letramelhyI-2-naphtha!enyl)-2-naphthalenecar- 
bo.xylic  acid;  Am580.  4-(5.6,7,8-letrahydro-5.5.8,8-tetramethyI-2-naphthlenecarboxamido>- 
benzoic  acid;  AmSO,  4-(5.6,7,8-tetrahydro-5,5.8.8-tetramethyl-2-naphthalenaminocarbonyl}- 
benzoic  acid;  SR3986,  (£)-4-{2-[4-(3-methyIbutylthio)phenyIJpropenyl)benzoic  acid; 
SR  1 1 273,  /V-(5,6.7,8-teirahydro-5,5,8,8-tetra-methyl-2-naphthaIeny  1)-A'  -(4-carboxyphenyl)- 
diazene  A^-oxide;  SRI  1274,  A-(5,6,7.8-tetrahydro-5,5.8,8-tetramethyl-2-naphthalenyl)-A/'-<‘^- 


due  to  general  cytotoxicity  because  cell  division  continued  (1);  for 
example,  the  doubling  time  of  MCF-7  mammary  carcinoma  cells  was 
increased  2-foId  by  1  fxM  trans-RA  (2).  In  addition,  the  cells  reinsti¬ 
tuted  their  normal  growth  rate  upon  removal  of  (3).  Al¬ 

though  cell  growth  was  retarded  by  irans-RA,  the  cells  did  not 
undergo  typical  differentiation  to  their  more  mature  phenotype,  as 
characterized  by  the  enhanced  expression  of  an  epithelial  membrane 
antigen  (2). 

In  contrast,  the  estrogen  stimulates  ER"^  breast  cancer  celt 
growth  and  proliferation.  Transfection  of  an  estrogen  receptor  con¬ 
struct  into  ER”  MDA-MB-231  breast  cancer  cells,  which  lack  ERs 
and  are  not  stimulated  by  E2.  permitted  the  inhibition  of  cell  growth 
by  //v;;i.v-RA  (4). 

Retinoids  exert  their  modulatory  effects  on  cell  growth  by  binding 
to  the  retinoid  receptor  nuclear  proteins,  of  which  there  are  two 
classes,  the  RARs  and  the  RXRs,  each  of  which  has  three  subtypes 
(a,  /3,  and  y).  The  RARs  form  heterodimers  with  the  RXRs,  which 
enhance  their  gene  transcriptional  responses  (5, 6).  The  retinoid 
receptors  may  influence  gene  transcriptional  activation  by  binding  to 
specific  DNA  .sequences  (retinoid  response  elements,  i.e.,  RAREs  and 
RXREs)  and  by  affecting  the  activity  of  the  transcription  factor  AP-1 
(Jun/Fos)  proteins,  which  bind  to  other  DNA  sites  (reviewed  in  Ref, 
7).  Binding  of  both  the  natural  retinoids  trans-KA  and  9-m-RA  and 
their  synthetic  analogues  to  the  retinoid  receptors  enhances  receptor 
responses  (8-10). 

ER^  breast  cancer  cells  have  high  levels  of  RARa  mRNA,  which 
are  appreciably  above  those  found  in  ER"  breast  cancer  cells.  The 
levels  of  RARy  mRNA  in  ER"^  and  ER"  cells  vary,  whereas  those  of 
RAR]3  are  undetectable  or  extremely  low  in  ER"^  cells  and  variable  in 
ER"  cells  (4,  11).  RA  did  not  regulate  RARa  and  RARy  mRNA 
levels  in  either  ER"^  or  ER"  breast  cancer  cell  lines  but  did  induce  a 
very  low  level  of  RARJ3  mRNA  in  ER"**  T47D  cells  (4).  In  contrast, 
E,  increased  RARa  mRNA  in  T47D  (12)  and  MCF-7  cell  lines  (11). 
Transfection  of  ER  into  ER"  MDA-MB-231  cells  was  accompanied 
by  a  3-fold  increase  in  RARa  mRNA,  which  then  rose  12-fold  on 
treatment  with  E^  (4).  Most  important,  RARa  mRNA  levels  were 
found  by  Shao  et  ai  (12)  and  Roman  et  al.  (13)  to  correlate  positively 
with  the  ER"^  status  in  a  series  of  human  breast  cancer  biopsy 
specimens.  The  MCF-7  cell  line  used  in  these  studies  has  similar 
levels  of  RARa  and  RARy  mRNA  (14,  15). 

The  ability  of  the  natural  retinoids  to  isomerize  in  cell  culture  (16) 
complicates  the  interpretation  of  results  in  experiments  using 
trans-RA  or  9-cis-RA.  This  problem  can  be  avoided  by  using  con¬ 
formationally  restricted  retinoids,  in  which  the  bonds  corresponding  to 
the  double  bonds  of  the  natural  retinoids  are  constrained  to  particular 
configurations  by  inclusion  in  aromatic  rings.  Because  the  RARs  do 


carboxyphenyl)dia2ene  A^' -oxide;  SRU254,  6-[(5,6.7.8-tetrahydro-5,5,8.8-tetramethyl-2- 
naphthaIenyl)(hydroxyimino)methyl]-2-naphihaIenecarboxylic  acid;  SRI  1262.  (£)-3-[4- 
(5,6,7.8-tetrahydro-3,5,5,8,8-pentaniethyI-2-naphihalenyl)phenyl]-2-propenoic  acid. 
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not  appear  to  substitute  for  each  other  in  breast  cancer  cell  lines  (17), 
the  use  of  retinoids  that  show  selective  bindini:  affinity  and/or  tran¬ 
scriptional  activation  activity  for  particular  retinoid  receptors  permits 
probing  of  the  roles  of  the  retinoid  receptors  in  specific  cell  lines.  This 
technique  permitted  Rudd  et  al.  (18)  to  determine  that  of  the  two 
RARs  (RARa  and  RARy)  present  in  the  mouse  epidermal  cell  line 
JB6.  only  gene  transcriptional  activation  by  the  latter  receptor  in  the 
presence  of  retinoids  showed  a  statistically  significant  correlation  with 
retinoid  inhibition  of  clonal  proliferation  induced  by  the  tumor  pro¬ 
moter  12-0-tctradecanoylphorboI- 13-acetate  under  anchorage-inde¬ 
pendent  growth  conditions.  Similarly,  retinoid  receptor-selective  ret¬ 
inoids  should  provide  valuable  information  concerning  the  regulatory 
roles  of  retinoids  in  breast  cancer  cell  proliferation.  Here,  we  now 
show  that  the  inhibition  of  both  the  anchorage-dependent  (adherent) 
growth  and  the  anchorage-independent  (clonal)  growth  of  MCF-7 
mammary  carcinoma  cells  correlate  with  the  ability  of  retinoids  to 
interact  with  RARa,  but  evidently  by  different  mechanisms. 

MATERIALS  AND  METHODS 

Retinoids.  irans-RA  (1)  was  obtained  from  Sigma  Chemical  Co.  (St. 
Louis,  MO)  and  recrystallized.  9-m-RA  (2)  was  synthesized  as  described  ( 1^). 
SR3yS3  (TCBB;  3)  was  prepared  according  to  Daw.son  el  al.  (20).  TTNPB 
(Ro  13-74 10:  4)  (21)  and  Ro4 1-5253  (11)  (22)  were  generously  provided  by 
Hoffmann-La  Roche,  Nutley,  NJ.  TTAB  (5)  and  TTNN  (SR3957;  6)  were 
synthesized  as  reported  (23,  24).  Am5S()  (7)  and  AmSO  (8)  were  synthesized 
by  the  procedures  of  Kagechika  et  al.  (25).  SR3986  (12)  (26)  and  ['H-^ITTAB 
(27)  were  prepared  as  described. 

SRI  1273  (9)  and  SRM274  (10)  were  synthesized  (28)  as  a  1:1  mixture, 
which  was  separated  by  reversed-phase  HPLC  (Waters  Radialpak  Novupak 
C,x.  8  x  lOO-mm  column,  0.  Kr  CH,CO-.H/9()9  methanol,  1  ml/min,  260  nm) 
to  give  9  as  pale-yellow  needles:  melting  point.  248-250°C:  IR  (KBr)  3436, 
2930.  1686  cm  '  NMR  (3(H)  MHz.  CDC\,)  5  1.33  (.s.  6.  C(CH^f  L36  [s, 
6.  qCH.O:).  1.74  (s,  4,  CH,CH.).  7.44  (d.  J  =  8.8  Hz,  1,  ArH),  8.04 
(dd,  J  =  2.5,  8.8  Hz.  1.  ArH),  8.1 1  (d,  J  =  8.8  Hz.  2.  ArH),  8.22  (d.  J  ^  8.8 
Hz.  2.  ArH).  8.24  (d,  J  =  2.5  Hz,  I,  ArH):  and  10  as  yellow  needles:  melting 
point.  240-242®C:  IR  (KBr)  3437,  2959.  1688  cm  'H  NMR  (3(K)  MHz, 
CDCI;,)  8  1.33  [s,  6,  C(CH,)2].  L35  [s.  6,  C{CH,h]  1.73  (s.  4,  CHXH,),  7.43 
(d.  J  =  9.2  Hz.  1,  ArH).  8.14  (m,  2.  ArH).  8.26  (d.  J  =  8.8  Hz,  2,  ArH),  8.42 
(d,  J  =  8.8  Hz.  2,  ArH). 

SRI  1254  (13)  was  synthesized  by  treatment  of  methyl  6-(5.6.7.8-tetra- 
hydro-5.5.8,8-tclramethyl-2-naphthalenylcarbony!)-2-naphlhalenecarbo.xy- 
late  with  HONH.-HCl  and  NaOAc  in  methanol  (24  h.  6()°C)  to  give  the  two 
isomeric  oxime  esters  (93^)  after  chromatography  (CH.CL),  followed  by 
hydrolysis  of  the  esters  (aq.  KOH  in  ethanol.  0.5  h.  70''C)  and  acidification 
( 1  N  HCl)  to  give  the  two  oxime  carboxylic  acids  (95^r  as  a  1.2:1  mixture) 
after  crystallization  (CH.CU, /hexane):  melting  point.  238-240°C:  IR  (KBr) 
3422,  2961,  1890  cm"'':  ‘H  NMR  (300  MHz.  acetone-d„)  5  1.24  (s.  6, 
C(CH.02l.  C(CH,)2L  1.75  [d,  4.  (CH>)J,  7.25  (dd.  J  =  1.9,  8.2 

Hz,  1.  ArH).  7.37  (d.  J  =  8.2  Hz.  1.  ArH).  7.58  (d,  J  =  1.9  Hz.  I.  ArH), 
7.65  (dd.  y  =  1.6,  8.5  Hz,  1,  NaphH),  8.01  (br  s,  1,  NaphH).  8. 12  (d,  7  =  8.5 
Hz.  I,  NaphH).  8.17  (dd.  J  =  1.6,  8.5  Hz,  1,  NaphH),  8.23  (d.  J  -  8.5  Hz, 

1,  NaphH).  8.77  (br  s.  I,  NaphH)  for  major  isomer  and  1.32  [s,  6,  C(CH3)2], 
L40[s.  6,  C(CH3):1,  1.81  [s,  4.  (CH.).),  7.29  (dd.  7  =  1.9,  8.2  Hz,  I,  ArH), 
7.46  (d,  7  =  1.9  Hz,  1.  ArH),  7.53  (d.  7  =  8.2  Hz,  1,  ArH),  7.88  (br  s,  1. 
NaphH),  7.95  (d,  7  =  8.5  Hz,  1,  NaphH).  7.99  (dd.  7  =  1.6.  8.5  Hz,  1, 
NaphH).  8.10  (dd.  7  =  1.6,  8.5  Hz.  1,  NaphH).  8.12  (d.  7  =  8.5  Hz,  I, 
NaphH).  8.70  (br  s,  1,  NaphH)  for  minor  isomer.  Anal.  (C2f,H27NO0  C,  H. 
The  RARy-selectiviiy  of  this  compound  has  also  been  reported  by 
Ostrowski  et  al.  (29). 

SRI  1262  (14)  (30.  31)  was  prepared  by  a  Pd(0)-cataIyzed  coupling  of 
5,6,7.8-tetrahydro-3.5,5.8,8-pentamethyl-2-naphthaleneboronic  acid  with  ethyl 
(f  )-3-(4-bromophenyl)propenoate,  using  Pd[P(Cf,H5)3|4  and  aq.  NaXO-,  in 
refluxing  MeO(CH2)20Me  for  12  h,  followed  by  chromatography  (59c  EtOAc/ 
hexane)  to  give  the  ethyl  ester  of  SRI  1262  (93%),  which  was  hydrolyzed  (aq. 
KOH  in  me'lhanol,  1  h,  80°C)  and  acidified  (I  n  HCl)  to  give  SRI  1262  (93%) 
after  crystallization  (CH2Cl2/hexane):  melting  point,  262-265®C;  IR  (KBr) 


2956.  1681,  1623  cm  'll  NMR  (3(H)  MHz.  CDCIO  6  )..^()  [s,  6.  CfCH,):!. 
1..14  [s,  6,  C(CH0:|.  1-72  |s.  4,  (CH.),!,  2.27  (s,  3,  Me),  6.50  (d.  7  =  16.0  Hz, 
I.  C^CHCO,).  7.17  (s.  I,  ArH),  7.21  (s,  1,  ArH),  7.41  (d.  7  =  8.2  Hz.  2,  ArH), 
7.61  (d.  7  =  8.2  Hz.  2.  ArH).  7.85  (d,  7  =  16.0  Hz.  1.  HC  =  CCO,):  HMRS  for 
C^^ILsO,  (MID:  calculated.  349.2167:  found,  .349.2169. 

HPLC  indicated  that  the  peak  area  for  each  retinoid  was  greater  than  99% 
of  the  total  peak  area.  The  retinoids  were  characterized  by  IR  and  'H  NMR 
spectral  and  elemental  analyses  before  dis.soIving  in  DMSO  or  ethanol/DMSO. 
Experiments  using  otefinic  retinoids  were  conducted  under  yellow  or  subdued 
lighting. 

Reagents.  3-(4.5-Dimcthylthiazol-2-yl)-2,5-diphenyItetrazolium  bromide. 
Eagle’s  MEM,  trypsin  (Sigma  Chemical  Co.,  St.  Louis,  MO),  PCS  (GIBCO 
Laboratories,  Grand  Island,  NY),  FBS  (Gemini  Bio-Products,  Calaba.sas,  CA), 
DMEM  (BioWhittakcr,  Wulkersville,  MD).  and  purified  agar  (Baltimore 
Biological  Laboratories,  Baltimore,  MD)  were  purchased. 

Cells.  MCF-7  breast  cancer  cells  were  obtained  from  the  American  Type 
Culture  Collection  (Rockville,  MD). 

Receptors.  Human  RARal  was  expressed  in  recombinant  baculovirus- 
infected  Sf9  Spodoptera  frii^iperda  insect  cells  (32).  cDNAs  for  recombinant 
human  RARj3  and  human  RARy  were  cloned  in  frame  into  the  expression 
vector  pGEX-2T  (Pharmacia.  Piscataway,  NJ).  Escherichia  coli  (DH5or)  trans¬ 
formed  with  pGEX-2T-RAR/3  or  pGEX-2T.RAR7  and  diluted  1:10  in  LB 
medium  containing  ampicillin  (1(X)  /xg/ml)  was  incubated  at  37°C;  after  1  h, 
isopropyM-thio-/3-D-ga!actopyranoside  was  added  (final  concentration,  0.1 
mM).  At  5  h,  bacterial  cultures  were  pelleted  by  centrifugation  and  resuspended 
in  0.1  volume  20  n.M  Tris  (pH  8.0),  100  mvi  NaCl,  and  0.5%  NP40.  The 
bacteria  were  lysed  and  centrifuged.  The  fusion  proteins  were  purified  by 
adsorption  on  glutathione-agarose  beads,  which  were  then  washed  w'ith  ice- 
cold  PBS.  before  elution  with  50  mM  Tris  (pH  8.0)-5  m.M  reduced  glutathione. 
Eluted  protein  was  stored  at  -8()°C. 

Receptor  Binding.  Each  RAR  preparation  (1-2  jxg  of  total  protein  for 
RARtt,  4-6  fig  for  RAR^  and  RARy)  was  incubated  (4®C,  6  h)  with  2  n.vi 
[^HiJTTAB  (27)  (specific  activity,  64  Ci.mmol)  with  or  w'ithout  unlabeled 
retinoid  as  described  (33),  except  0.1%  gelatin  replaced  the  ovalbumin.  The 
bound  (‘^H,]TTAB  was  separated  from  free  ['H^ITTAB  by  gel  filtration  as 
described  by  Levin  et  al.  (10). 

Inhibition  of  Anchorage-dependent  Growth  by  Retinoids.  Cell  suspen¬ 
sions  (0.5-1. 0  X  lO"')  in  4.0  ml  MEM-5%  FCS  were  incubated  at  37°C  in 
humidified  5%  00^/95%  air.  After  24  h,  the  retinoids  in  10  fi\  ethanol:DMSO 
(1:1)  were  added  to  each  6()-mm  dish.  Retinoid  concentrations  ranged  from 
0.1-12.5  fiM.  and  the  control  contained  only  vehicle.  Media  and  retinoid 
solutions  were  replaced  every  third  day.  On  day  8,  cells  w^ere  trypsinized  and 
counted  (3).  Experiments  were  performed  in  triplicate,  and  concentrations 
required  for  50%  inhibition  of  cell  growth  (IC^^s)  were  determined  by  extrap¬ 
olation  or  interpolation  of  dose  curves  of  the  means. 

Inhibition  of  Anchorage-independent  Colony  Formation  by  Retinoids. 
Cells  (1.0  X  10-*)  in  1.5  ml  of  DMEM.  0.3%  agar,  10%  FBS  over  2.5  ml  of 
DMEM,  0.5%  agar,  and  10%  FBS  were  exposed  to  retinoids  in  6.0  ml  DMEM, 
0.3%  agar,  and  10%  FBS.  Retinoids  were  dissolved  in  DMSO  and  diluted  with 
medium.  Retinoid  concentrations  ranged  from  0. 1-1000  nM,  and  ^  0.2% 
DMSO  was  in  these  samples  and  in  the  control.  Cultures  w'ere  incubated  at 
37°C  in  5%  air  for  3  weeks.  The  unstable  retinoids  1  through  3  were 

replaced  every  third  day.  On  day  21.  each  culture  was  treated  with  3-(4.5- 
dimethylthiazol-2-y!)-2,5-dipheny!tetrazolium  bromide  (1.25  mg)  in  1  ml  PBS 
for  3-4  h,  and  the  blue-stained  colonies  were  counted.  The  number  of  colonies 
per  dish  was  calculated  by  multiplying  the  average  number  per  cm"  by  the 
28-cm"  dish  area.  Experiments  were  performed  in  triplicate. 

RESULTS 

In  addition  to  trans-KA  (1)  and  9-cis-RA  (2),  12  conformationally 
restricted  retinoids  were  evaluated.  Their  structures  are  shown  in  Fig. 

1.  Retinoids  3  through  5  and  7  through  12  have  a  benzoic  acid 
terminus  in  place  of  the  llEjlSE-dienoic  acid  system  of  trans-RA  to 
constrain  this  bond  system  to  a  s-cisoid  conformation.  The  naphtha- 
lenecarboxylic  acid  rings  of  TTNN  (6)  and  SRI  1254  (13)  restrict  the 
naphthalene  bonds  corresponding  to  the  9£,1 1£,  -double  bonds  of 
trans-RA  in  cisoid  conformations.  The  bonds  of  SRI  1262  (14)  that 
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Fig.  1.  Binding  affinity  to  human  RARot  and  human  RARy  for  14  retinoids  and  iheir 
inhibition  of  MCF-7  mammary  carcinoma  cell  growth.  Relative  binding  affinity  was 
determined  as  the  percentage  of  [r,3’,4'--^H3]TTAB  displaced  from  RAR  by  10  n.M 
retinoid.  ICsqS  for  retinoid  binding  to  the  RARs  are  retinoid  concentrations  required  to 
inhibit  binding  of  [  r,3',4'--^H3]TTAB  by  50%.  for  cell  growth  inhibition  by 

retinoids  are  the  retinoid  concentrations  required  to  obtain  50%  inhibition  after  retinoid 
treatment  for  7  days  for  anchorage-dependent  growth  or  for  21  days  for  anchorage- 
independent  growth.  Numbers  in  parentheses  refer  to  the  percentage  of  inhibition  when 
the  ICaso  was  not  reached. 


correspond  to  the  9£,1  IE-double  bonds  of  trans-RA  also  have 
s-cisoid  geometry  by  being  in  a  phenyl  ring.  In  the  tetrahydroanthra- 
cenyl  analogue  TTAE  (5),  the  bonds  corresponding  to  the  7E,9E- 
double  bonds  of  /ra7i5-RA  are  s-transoid.  Retinoids  4  through  10,  13, 
and  14  have  s-cisoid  bond  geometry  in  their  tetrahydronaphthalene 
bonds  corresponding  to  the  5,7E-double  bonds  of  trans-KA^  whereas 
11  and  12  have  benzodihydrothiopyran  and  phenyl  rings,  respectively, 
that  provide  similar  geometry.  The  two  methyl  groups  at  the  tetrahy- 
dronaphthaiene  ring  position  corresponding  to  the  4-position  of  RA 
prevent  deactivation  at  this  position  by  metabolic  oxidation.  With  the 


exception  of  the  retinoid  antagonists  11  (22)  and  12  (34).  these 
retinoids  have  demonstrated  retinoid  activity  in  cell  culture  assays. 
Retinoids  1  through  6  (18),  13,  and  14  inhibited  the  anchorage- 
independent  growth  of  mouse  epidermal  JB6  cells  induced  by  12-0- 
tetradecanoylphorbol-13-acetatc.  The  IC^^s  for  13  and  14  were  42  and 
30  nM,  respectively  (data  not  shown).  Retinoids  7  through  10  induced 
the  differentiation  of  HL-60  leukemia  cells  (25,  26).  Antagonist  11 
was  inactive  in  the  HL-60  assay  (22).  At  10“^  m,  12  showed  no 
activity  in  the  hamster  tracheal  organ  culture  reversal  of  keratinizalion 
assay,  in  which  the  IC^o  for  TTNPB  was  2  X  10" M  (30),  and  did 
not  activate  the  RARs  for  gene  transcription  in  the  cotransfection 
assay  (34). 

The  abilities  of  these  retinoids  to  inhibit  the  growth  of  MCF-7  cells 
were  evaluated.  Inhibition  of  anchorage-dependent  growth  was  meas¬ 
ured  at  the  end  of  7  days  of  retinoid  treatment  to  distinguish  more 
readily  the  relative  inhibitory  effects  of  the  various  receptor-selective 
retinoids.  Concentrations  in  the  micromolar  range  were  required  for 
the  active  retinoids  to  inhibit  cell  growth.  Representative  curves  for 
MCF-7  cell  growth  inhibition  in  the  presence  of  1.25  fiM  RARo:- 
selective  retinoid  Am580  (7)  and  RARy-selective  SRI  1254  (13)  are 
shown  in  Fig.  2.  The  RARa-selective  retinoid  was  more  potent,  with 
cell  growth  inhibition  occurring  earlier  in  the  treatment  period  and  at 
lower  doses.  There  were  also  differences  in  the  behavior  of  the  cells 
to  the  retinoids.  Cells  treated  with  Am580  retained  their  ability  to 
adhere  to  the  culture  plate  although  their  growth  was  inhibited, 
whereas  the  SRI  1254-  and  SRI  1262-treated  cells  detached  from  the 
plate  at  the  time  that  growth  inhibition  was  observed.  Growth  inhibi¬ 
tion  by  1.25  p.M  Am580  was  58%  after  7  days  and  76%  after  10  days, 
while  that  by  1.25  /lim  SRI  1254  was  5  and  25%,  respectively,  after 
these  time  periods.  Inhibition  by  12.5  /xm  RARy-selective  retinoid 
SRI  1254  (13)  was  6%  after  7  days  and  34%  after  10  days,  and 
inhibition  by  12.5  /xm  RARj3,7-selective  SRI  1262  (14)  was  9%  after 
7  days  and  67%  after  9  days.  In  Fig.  1  are  given  the  concentrations  of 
these  14  retinoids  required  to  inhibit  the  anchorage-dependent  growth 
of  MCF-7  cells  by  50%  (IC^jjS)  and  their  percent  cell  growth  inhibi¬ 
tion  at  1  /xm.  Because  general  cytotoxicity,  including  detachment  from 
the  cell  culture  plates,  was  observed  for  several  of  these  retinoids 
above  12.5  /xm  concentrations,  IC^^s  were  not  determined  for  13 
and  14. 

The  abilities  of  these  retinoids  to  inhibit  the  anchorage-independent 
growth  of  MCF-7  cells  after  21  days  of  treatment  were  also  assessed. 


Fig.  2.  Effects  of  1.25  pw  Am580  (7)  and  SRI  1254  (14)  on  anchorage-dependent 
growth  of  MCF-7  mammary  carcinoma  cells  in  culture  with  time,  compared  to  the 
nontreated  control.  Retinoids  were  replaced  every  3  days. 
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Fig.  3.  Binding  of  retinoid  agoni.sis  and  antagonists  to  RARa  and  RARy  compared  to  their  inhibition  of  MCF-?  mammary  carcinoma  cel!  anchorage-dependent  growth.  The  relative 
RAR  binding  affinities  of  14  retinoids,  as  measured  by  their  ability  to  displace  ['H^ITTAB  bound  to  recombinant  human  RARa  (y4)  or  human  RARy  (B),  were  correlated  with  their 
inhibition  of  anchorage-dependent  cell  growth  at  1  /xm,  as  measured  by  cell  counting  after  7  days  of  retinoid  treatment. 


The  IC50S  for  these  compounds  and  their  percentage  of  colony  for¬ 
mation  inhibition  at  1  n.vt  are  also  presented  in  Fig,  1.  MCF-7  cells 
were  far  more  sensitive  to  retinoids  under  anchorage-independent 
growth  conditions  (w'here  ICj^s  below  1  nM  were  observed  for  the 
most  effective  compounds)  than  under  anchorage-dependent  growth 
conditions. 

The  binding  affinity  of  these  retinoids  for  the  recombinant  human 
RARs  was  determined  by  measuring  their  abilities  (at  10  n.M  retinoid 
concentrations)  to  displace  competitively  bound  tritiated  TTAB  and  to 
displace  50%  of  bound  label  (IC5,):  Fig.  1).  /rflH5-RA  (1),  9-c/5-RA 
(2),  SR3983  (3),  TTNPB  (4),  and  TTAB  (5)  displayed  similar  binding 
affinity  for  both  RARa  and  RARy.  RARa  selectivity  was  conferred 
to  the  two  analogues  Am580  (7)  and  Am80  (8)  of  TTNPB  by  replace¬ 
ment  of  the  propenyl  group  linking  the  two  aromatic  ring  systems  of 
TTNPB  by  carboxamide  and  carbamoyl  groups,  respectively.  The 
affinity  of  Am580  to  both  RARa  and  RARy  was  at  least  4-fold  higher 
than  that  of  Am80.  Their  more  polar  isosteres  SRI  1273  (9)  and 
SRI  1274  (10),  having  diazene  A-oxide  bonds  in  place  of  the  amide 
bonds,  had  higher  affinity  for  RARa  than  either  amide  did  but  also 
had  high  affinity  for  RARy.  The  RARa-selective  antagonist  Ro41- 
5253  (11)  has  a  lipophilic  pendant  heptyloxy  group  and  a  sulfone 
function  at  its  ring  position  corresponding  to  the  4-position  of  RA  that 
apparently  permit  binding  to  but  not  activation  of  RARa.  The  antag¬ 
onist  SR3986  (12)  has  a  lipophilic  3-methylbutyl  group  at  its  li¬ 
pophilic  terminus  that  permits  binding  to  both  RARa  and  RARy  but 
not  receptor  activation  (34).  SR3986  bound  to  RARy  4-fold  more 
avidly  than  to  RARa.  The  presence  of  the  9£,11£  s-cisoid  conforma¬ 
tional  restriction  in  retinoids  TTNN  (6),  SRI  1254  (13),  and  SRI  1262 
(14)  reduced  binding  to  RARa.  TTNN  had  about  5-fold  higher  affin¬ 
ity  for  RARy  than  for  RARa,  whereas  SRI  1254  (13)  and  SR  11262 
(14)  were  unable  to  displace  50%  of  bound  label  from  RARa  at 
concentrations  as  high  as  1  fiM,  indicating  their  low  affinity  for 
RARa.  In  contrast,  the  IC50S  for  the  RARa-selective  Am580  and 
AmSO  were  2.3  and  88  nM,  respectively. 

The  retinoids  that  displayed  high  affinity  for  RARa  were  able  to 
inhibit  the  anchorage-dependent  growth  of  MCF-7  cells,  whereas  the 
two  retinoids  SRI  1254  (13)  and  SRil262  (14),  which  bound  poorly 
to  RARa  even  at  concentrations  as  high  as  1  /xm,  were  only  able  to 
poorly  inhibit  anchorage-dependent  cell  growth  (<10%)  at  12,5  p,M, 


which  was  the  highest  concentration  tested,  after  7  days  of  treatment. 
Correlation  diagrams  of  the  relative  binding  affinities  of  these  reti¬ 
noids  for  RARa  and  RARy  with  their  inhibition  of  cell  growth  under 
anchorage-dependent  growth  conditions  (Fig.  3)  indicated  that  the 
ability  of  retinoids  to  inhibit  adherent  cell  growth  correlated  with  their 
affinity  for  RARa  {n  =  14,  £  ^  0.001)  but  not  with  their  affinity  for 
RARy  (n  =  14,  £  >  0.1).  Removal  of  SRI  1254  (13)  and  SRI  1262 
(14)  from  this  series  still  gave  a  high  correlation  of  grow'th  inhibition 
with  binding  to  RARa  {n  =  12,  £  <  0.005)  but  not  to  RARy  (n  =  12, 
£>0.1).  Both  the  RARa-selective  retinoids  Am580  (7)  and  AmSO  (8) 
were  effective  growth  inhibitors  as  were  their  diazene  A-oxide  iso¬ 
steres.  The  two  RAR  antagonists  also  inhibited  growth,  with  the 
higher  RARa  affinity  retinoid  Ro41-5253  (11)  being  6-fold  more 
potent  as  an  inhibitor.  Ro41-5253  did  not  show  any  transcriptional 
activation  activity  in  MCF-7  cells,  as  evidenced  by  the  absence  of  any 
chloramphenicol  acetyl  transferase  activity  on  transfection  of  these 
cells  with  the  RARE-rA-CAT  reporter  construct  (data  not  shown). 

The  results  were  more  complex  for  anchorage-independent  growth 
inhibition  by  these  retinoids.  Correlation  diagrams  did  not  show  a 
strongly  significant  correlation  between  anchorage-independent  col¬ 
ony  growth  inhibition  at  1  nM  retinoid  and  the  relative  retinoid  binding 
affinities  to  either  RARa  {n  =  14,  y  =  12.4427  +  0.4586x,  r  =  0.65, 
£  >  0.02)  or  RARy  (n  =  14,  y  -  10.3795  +  0.5714x,  r  =  0.57, 
£  >  0.05).  SRI  1254  (13)  and  SRI  1262  (14)  were  poor  inhibitors  of 
anchorage-independent  cell  growth  as  evidenced  by  their  IC50S,  which 
were  several  orders  of  magnitude  higher  than  those  for  RA  (1),  TTAB 
(5),  or  Am580  (7).  Am580  and  its  diazene  A^-oxide  analogue  SRI  1273 
(9)  had  comparably  high  inhibitory  activity,  whereas  their  respective 
isomers  Am80  (8)  and  SRI  1274  (10)  were  poorer  inhibitors.  The  two 
antagonists  Ro41-5253  (11)  and  SR3986  (12)  were  very  poor  inhib¬ 
itors  of  growth  (<10%)  at  1  nM.  A  high  correlation  between  RAR 
binding  affinity  and  the  inhibition  of  anchorage-independent  cell 
growth  was  only  achieved  after  the  two  antagonists  were  removed 
from  the  series.  Correlation  diagrams  of  the  relative  RAR  binding 
affinities  of  the  remaining  12  retinoids  with  their  anchorage-indepen- 
dent  growth  inhibition  at  1  nM  (Fig.  4)  showed  an  excellent  correlation 
between  clonal  growth  inhibition  and  binding  to  RARa  {n  =  12, 
£  <  0.005)  but  not  to  RARy  {n  =  12,  £  >  0.05).  The  percentage  of 
growth  inhibition  by  the  retinoid  agonists  at  10  nM  (data  not  shown) 
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Fig.  4.  Binding  of  retinoid  agonists  to  RARa  and  RAR7  compared  to  their  inhibition  of  MCF-?  mammary  carcinoma  cell  anchorage-independent  growth.  The  relative  RAR  binding 
affinities  of  12  retinoid  agonists,  as  measured  by  their  ability  to  displace  [-'HilTTAB  bound  to  recombinant  human  RARa  (/4)  or  human  RARy{B).  were  correlated  with  their  inhibition 
of  anchorage-independent  cell  growth  at  I  nM.  Clonal  proliferation  was  measured  bv  colony  counting  after  21  days  of  retinoid  treatment. 


also  correlated  with  the  binding  of  these  agonists  to  RARa  (/?  =  12, 
r  -  0.92,  P  <  0.001)  but  not  to  RAR7  (n  =  12,  r  =  0.46,  P  >  0,1). 

DISCUSSION 

Correlation  studies  comparing  the  binding  affinity  of  these  14 
retinoids  to  their  growth-inhibitory  activities  indicate  that  of  the  two 
receptors  present  in  MCF-7  breast  cancer  cells,  RARa  appears  to 
mediate  the  RA-induced  inhibition  of  adherent  or  anchorage-depen- 
dent  cell  growth  after  7  days  in  culture.  The  two  retinoids  that  did  not 
bind  well  to  RARa,  SRI  1254  (13)  and  SRI  1262  (14),  were  poor 
inhibitors  of  the  adherent  growth  of  MCF-7  cells  because  they  re¬ 
tarded  growth  at  12.5  p,M  by  only  6  and  99c,  respectively,  after  7  days. 
Longer  retinoid  treatment  times  led  to  some  growth  inhibition  by  the 
RARy-selective  retinoids  but  also  increased  the  sensitivity  of  the  cells 
to  the  RARa-selective  retinoids,  as  determined  by  their  correspond¬ 
ingly  lower  ICjjjS.  Growth  inhibition  did  not  appear  to  depend  on 
receptor  activation  for  gene  transcription  from  a  RARE,  because  the 
two  RAR  antagonists  that  did  not  activate  the  RARs  for  gene  tran¬ 
scription  in  a  transfection  assay  were  also  inhibitory.  SR3986  (12), 
which  bound  to  both  RARa  and  RARy,  was  a  poorer  inhibitor  than 
the  RARa-selective  antagonist  Ro41-5253  (11),  which  had  higher 
affinity  for  RARa.  Two  major  mechanisms  of  retinoid  action  have 
thus  far  been  identified.  In  the  first,  gene  transcription  is  stimulated  by 
a  retinoid-retinoid  receptor  complex  that  activates  a  RARE  located  in 
the  promoter  region  of  a  gene  (6).  In  the  second,  gene  expression  is 
repressed  by  a  retinoid-retinoid  receptor  complex  that  interferes  with 
gene  activation  from  an  AP-1  site  by  the  Jun/Fos  transcription  factor 
complex  (7).  Retinoids  that  inhibit  AP-1  activity  but  lack  transcrip¬ 
tional  activation  activity  have  been  identified  previously  (35,  36). 
Therefore,  our  finding  that  both  retinoid  agonists  and  antagonists  are 
capable  of  interfering  with  anchorage-dependent  cell  growth  suggests 
that  their  growth  inhibitory  activity  may  proceed  through  an  AP-1 
pathway. 

Anchorage-independent  cell  growth  is  indicative  of  cell  tumorige- 
nicity,  and  its  inhibition  may  be  a  more  meaningful  indicator  of  the 
chemotherapeutic  efficacy  of  a  retinoid.  The  inhibition  of  anchorage- 
independent  cell  growth  only  correlated  well  with  binding  to  RARa, 
not  with  binding  to  RARy,  although  those  retinoids  that  preferentially 
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bound  to  RARy  were  able  to  inhibit  growth  at  higher  concentrations 
(>5  nM).  The  RAR  antagonists  were  unable  to  inhibit  clonal  growth, 
which  suggests  that  different  inhibitory  mechanisms  may  be  involved 
in  the  inhibition  of  anchorage-independent  and  anchorage-dependent 
cell  growth.  The  antagonist  Ro4 1-5253  (11)  did  not  interfere  with  the 
binding  of  RARa  to  a  RARE  but,  according  to  proteolysis  studies,  did 
confer  a  different  conformation  on  this  receptor  than  that  observed  in 
the  presence  of  RA  (22).  Therefore,  our  results  also  suggest  that 
different  conformations  of  the  ligand-binding  domain  of  RARa  may 
occur  in  these  two  different  inhibitory  processes  or  that  binding  of  the 
receptor  by  the  antagonist  may  directly  prevent  the  binding  of  a 
component  that  is  essential  for  inhibiting  anchorage-independent  cell 
growth.  The  finding  that  Am80  (8)  and  its  analogue  SRI  1274  (10) 
were  less  effective  inhibitors  of  anchorage-independent  growth  than 
either  Am580  (7)  or  SRI  1273  (9)  but  were  comparably  effective 
inhibitors  of  adherent  cell  growth  further  supports  our  premise  that 
different  receptor  geometries  are  required  to  effect  these  growth- 
inhibitory  processes. 

These  studies  show  the  importance  of  using  receptor-selective 
retinoids  as  probes  to  investigate  the  molecular  mechanism  of  retinoid 
receptor  function  and  indicate  the  potential  of  these  compounds  as 
therapeutic  agents  for  selectively  affecting  cellular  processes  through 
interaction  with  specific  retinoid  receptors  and  response  elements. 
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Abstract 

The  diverse  function  of  retinoic  acid  (RA)  is  mediated  by  its  nuclear 
receptors,  the  retinoic  acid  receptors  (RARs)  and  retinoid  X  receptors  (RXRs). 
However,  RA  response  is  often  lost  in  cancer  cells  that  express  the  receptors. 
Previously,  it  was  demonstrated  that  the  RA  response  is  regulated  by  COUP-TF 
orphan  receptor.  Here,  we  present  evidence  that  nur77,  another  orphan  receptor 
whose  expression  is  highly  induced  by  phorbol  esters  and  growth  factors,  is 
involved  in  modulation  of  the  RA  response.  Expression  of  nur77  enhances  ligand- 
independent  transactivation  of  RAREs  and  desensitizes  their  RA  responsiveness. 
Conversely,  expression  of  COUP-TF  sensitizes  RA  responsiveness  of  RAREs  by 
repressing  their  basal  transactivation  activity.  Unlike  the  effect  of  COUP-TFs,  the 
function  of  nur77  does  not  require  direct  binding  of  nur77  with  the  RAREs,  but  is 
through  interaction  between  nur77  and  COUP-TFs.  The  interaction  occurs  in 
solution  and  results  in  inhibition  of  COUP-TF  RARE  binding  and  transcriptional 
activity.  In  human  lung  cancer  and  bladder  cancer  cell  lines,  COUP-TF  is  highly 
expressed  in  RA-sensitive  cell  lines  while  nur77  expression  is  associated  with  RA- 
resistance  of  certain  cancer  cell  lines.  Stable  expression  of  COUP-TF  in  nur77- 
positive,  RA-resistant  lung  cancer  cells  enhances  the  efficacy  of  RA  to  induce 
RARp  gene  expression  and  growth  inhibition.  These  observations  demonstrate  that 
a  dynamic  equilibrium  between  orphan  receptors  nur77  and  COUP-TF,  through 
their  heterodimerization  that  regulates  COUP-TF  RARE  binding,  is  critical  for  RA 
responsiveness  of  RAREs. 
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Introduction 

Retinoic  acid  (RA)  and  its  natural  and  synthetic  vitamin  A  derivatives  (retinoids)  are  known  to 
regulate  a  broad  range  of  biological  processes,  and  are  currently  used  in  the  treatment  of  epithelial 
cancer  and  promyelocytic  leukemia  (Ldtan,  1981;  Warrell  et  al.,  1993;  Gudas  et  al.,  1994;  Hong  et 
al.,  1994).  However,  retinoid  resistance  associated  with  many  different  types  of  cancer  has 
prevented  retinoids  from  further  application  (Warrell  et  al.,  1993;  Hong  et  al.,  1994).  The  effects  of 
retinoids  are  mainly  mediated  by  two  classes  of  nuclear  receptors:  the  retinoic  acid  receptors  (RARs) 
and  the  retinoid  X  receptors  (RXRs)  (Zhang  and  Pfahl,  1993;  Kastner  et  al.,  1995;  Mangelsdorf  and 
Evans,  1995).  RARs  and  RXRs  are  members  of  the  steroid/thyroid  hormone  receptor  superfamily 
that  also  includes  a  number  of  orphan  receptors  whose  ligands  and  function  remain  to  be  determined 
(Zhang  and  Pfahl,  1993;  Kastner  et  al.,  1995;  Mangelsdorf  and  Evans,  1995).  RARs  and  RXRs 
modulate  the  expression  of  their  target  genes  by  interacting  as  either  homodimers  or  heterodimers 
with  RA  response  elements  (RAREs).  Some  of  the  target  genes  are  RARs  themselves,  in  particular 
the  RARP  gene  where  a  RARE  (PRARE)  was  identified  in  its  promoter  region  (de  The  et  al.,  1990; 
Hoffmann  et  al.,  1990;  Sucov  et  al.,  1990).  Up-regulation  of  RARp  gene  by  RA  presumably  plays 
a  critical  role  in  amplifying  RA  response.  It  correlates  with  RA-induced  growth  inhibition  in  certain 
types  of  cancer  cell  lines  in  vitro  (Li  et  al.,  1996;  Liu  et  al.,  1996)  and  is  associated  with  clinical 
response  in  patients  with  premalignant  oral  lesions  in  vivo  (Lotan  et  al.,  1995). 

Although  the  expression  of  RARs  and  RXRs  is  essential  for  RA  response,  we  and  others  have 
recendy  demonstrated  that  it  is  not  sufficient  to  render  RA  target  genes  responsive  to  RA  (van  der 
Leede  et  al.,  1993;  Zhang  et  al.,  1994;  Kim  et  al.,  1995;  Moghal  and  Neel,  1995).  In  lung  cancer 
cell  lines,  RARs  and  RXRs  are  weU  expressed,  but  the  majority  of  the  cell  lines  are  RA  resistant,  and 
RA  responsive  genes,  such  as  RARP  gene,  could  not  be  induced  by  RA  (Zhang  et  al.,  1994).  In  a 
lung  carcinogenesis  model,  retinoid  receptor  function  is  intact  in  malignant  human  bronchial 
epithelial  cells  despite  their  refractory  tolhe  growth  inhibitory  effects  of  retinoids  (Kim  et  al.,  1995). 
The  loss  of  RARp  induction  by  RA  has  been  mapped  to  the  pRARE  in  certain  lung  cancer  cell  lines 
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(Zhang  et  al.,  1994;  Moghal  and  Neel,  1995).  However,  expression  of  endogenous  RARs  and 
RXRs  or  cotransfection  of  RARs  and  RXRs  could  not  restore  RA  responsiveness  of  the  pRARE 
(Zhang  et  al.,  1994;  Moghal  and  Neel,  1995).  These  observations  suggest  that  RA  sensitivity  is  also 
influenced  by  factors  other  than  RARs  and  RXRs.  One  of  the  factors  known  to  regulate  RA 
response  is  COUP-TF.  COUP-TF  is  encoded  by  two  distinct  genes,  COUP-TFI  (ear-3)  (Miyajima 
et  al.,  1988;  Wang  et  al.,  1989)  and  COUP-TFII  (ARP-1)  (Ladias  and  Karathanasis,  1991),  that  are 
orphan  members  of  nuclear  receptor  superfamily  (Zhang  and  Pfahl,  1993;  Kastner  et  al.,  1995, 
Mangelsdorf  and  Evans,  1995).  COUP-TF  was  originally  shown  to  stimulate  gene  transcription 
(Pastorcic  et  al.,  1986).  However,  subsequent  work  has  demonstrated  that  COUP-TF  can  repress 
transcription  induced  by  a  number  of  nuclear  receptors  including  RARs,  thyroid  hormone  receptors 
(TRs)  and  vitamin  D  receptor  (VDR)  (Cooney  et  al.,  1992;  Kliewer  et  al.,  1992;  Tran  et  al.,  1992, 
Windom  et  al.,  1992).  Since  COUP-TFs  bind  strongly  to  response  elements  of  RARs,  TRs  and 
VDR  and  are  able  to  form  heterodimers  with  RXR,  the  common  cofactor  of  RARs,  TRs  and  VDR,  a 
direct  competition  for  DNA  binding  site  and  heterodimerization  with  RXR  have  been  proposed  for 
this  repression  (Cooney  et  al.,  1992;  Kliewer  et  al.,  1992;  Tran  et  al.,  1992;  Windom  et  al.,  1992). 
However,  results  from  a  recent  study  (Butler  and  Parker,  1995)  using  a  two-hybrid  system 
demonstrate  that  competition  of  COUP-TF  homodimers  for  DNA  binding  site  is  likely  the  major 
mechanism  for  the  repression.  The  binding  specificity  of  COUP-TFs  exhibits  a  strong  preference 
for  those  bound  by  retinoid  receptors  (Cooney  et  al.,  1992;  Kliewer  et  al.,  1992;  Tran  et  al.,  1992, 
Windom  et  al.,  1992),  suggesting  that  COUP-TFs  are  involved  in  the  regulation  of  some  RA  target 
genes.  More  intriguingly,  COUP-TF  could  be  activated  by  dopamine  and  cAMP-dependent 
pathways  through  an  yet  unidentified  indirect  mechanism  (Power  et  al.,  1991). 

Nur77  (also  known  as  NGFI-B  and  TR3)  (Chang  and  Kokontis,  1988;  Hazel  et  al.,  1988; 
Milbrandt,  1988)  is  another  orphan  member  of  nuclear  receptor  superfamily.  It  is  rapidly  induced  by 
a  variety  of  growth  stimuli,  including  grbwth  factors  and  phorbol  esters  (Hazel  et  al.,  1988,  Fahmer 
et  al.,  1990;  Williams  and  Lau,  1993;  Wilson  et  al.,  1993;  Lim  et  al.,  1995).  Nur77  may  play  a  role 
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in  the  regulation  of  steroidogenic  enzyme  expression  (Wilson  et  al.,  1993;  Crawford  et  al.,  1995) 
and  in  the  control  of  activation-induced  apoptosis  of  T-cells  (Liu  et  al.,  1994;  Woronicz  et  al.,  1994). 
The  mechanism  by  which  nur77  exerts  its  biological  functions  remains  largely  unknown.  Nur77 

T.-,  ■ 

may  regulate  gene  expression  necessary  to  alter  the  cellular  phenotype  in  response  to  the  growth 
stimuli  by  binding  to  its  recognition  element  (NBRE)  as  a  monomer  (Wilson  et  al.,  1991). 
Phosphorylation  of  nur77  upon  induction  by  growth  factors  may  regulate  its  DNA  binding  and 
transcriptional  activity  (Fahmer  et  al.,  1990;  Hazel  et  al.,  1991;  Davis  et  al.,  1993).  The  NBRE 
consists  of  the  half-site  binding  motif  (AGGTCA)  of  RAR/TRA^DR  with  two  additional  adenine 
nucleotides  at  its  5’  end  (AAAGGTCA)  (Wilson  et  al.,  1991).  Interestingly,  such  sequences  are 
found  in  the  RARP  gene  promoter  and  are  located  within  the  PRARE-  (Perlmann  and  Jansson, 

1995) .  Investigation  of  the  binding  of  nur77  on  the  PRARE  demonstrates  that  nur77  can  bind  to  the 
PRARE  as  a  heterodimer  with  RXR  (Forman  et  al.,  1995;  Perlmann  and  Jansson,  1995).  These 
observations  suggest  that  nur77  may  be  involved  in  the  regulation  of  RARp  gene  expression  and 
may  function  to  mediate  the  interaction  between  retinoid  and  growth  signalings. 

We  have  recently  shown  that  up-regulation  of  RARp  expression  by  RA  correlates  with  RA-induced 

growth  inhibition  in  human  breast  cancer  and  lung  cancer  cell  lines  (Li  et  al.,  1996;  Liu  et  al.,  1996). 
In  RA-sensitive  cancer  cell  lines,  expression  of  RARp  is  strongly  induced  by  RA.  In  contrast,  RA 
had  little  effect  on  RARP  expression  in  RA-resistant  cancer  cell  lines  (Li  et  al.,  1996;  Liu  et  al., 

1996) .  Induction  of  RARP  by  RA  is  mediated  by  the  PRARE  present  in  its  promoter  (de  The  et  al., 
1990;  Hoffmann  et  al.,  1990;  Sucov  et  al.,  1990).  Activation  of  the  pRARE  by  RA  is  mainly 
through  RAR/RXR  heterodimers  (Hermann  et  al.,  1992;  Zhang  et  al.,  1992a;  Valcarcel  et  al.,  1994). 
However,  we  have  found  that  RARs  and  RXRs  are  well  expressed  in  some  RA-resistant  cancer  cell 
lines  (Zhang  et  al.,  1994;  Li  et  al.,  1996;  Liu  et  al.,  1996).  In  the  course  to  investigate  the  effect  of 
nur77  on  RA-induced  RARP  gene  expression,  we  found  that  nur77  could  significantly  enhance  the 
transactivation  activity  of  RAREs  in  a  RA-  and  RARE-binding-independent  manner.  By  using  a 
variety  of  approaches,  we  demonstrate  that  the  effect  of  nur77  is  due  to  inhibition  of  COUP-TF 
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rare  binding  through  direct  protein-protein  interaction.  Transient  transfection  analysis  reveals  that 
COUP-TF  RARE  binding  functions  to  sensitize  RAREs  their  RA  responsiveness  and,  conversely 
that  nur77  desensitizes  RAREs  through  its  ability  to  inhibit  COUP-TF  RARE  binding.  In  human 
lung  cancer  and  bladder  cancer  cells,  loss  of  RA  sensitivity  is  associated  with  overexpression  of 
nur77  and/or  low  expression  levels  of  COUP-TF,  and  can  be  restored  by  introduction  and 
expression  of  COUP-TF.  These  results  reveals  a  novel  regulatory  mechanism  established  through 
heterodimerization  of  orphan  receptors,  that  is  expected  to  play  a  crucial  role  in  the  regulation  of 
cellular  proliferation,  differentiation  and  carcinogenesis  processes,  and  the  cross-talk  between 
growth  factor  and  vitamin  A  signal  transduction  pathways. 


Results 

Nur77  Enhances  RARE  activity  in  a  RA-independent  manner 

We  have  recently  shown  that  induction  of  RARP  by  RA  mediates  the  growth  inhibitory  effects  of 
retinoids  in  human  breast  cancer  and  lung  cancer  cells  (Liu  et  al.,  1996;  Li  et  al.,  1996).  RA-induced 
RARP  expression  is  mainly  mediated  by  the  PRARE  in  its  promoter  (de  The  et  al.,  1990,  Hoffmann 
et  al.,  1990;  Sucov  et  al.,  1990).  To  investigate  the  effect  of  nur77  on  the  transactivation  of  the 
pRARE,  the  pRARE  cloned  into  pBLCAT2  that  contains  tk  promoter  linked  with  CAT  gene,  the 
PRARE-tk-CAT  (Hoffmann  et  al.,  1990),  was  used  as  a  reporter  gene  and  transiently  transfected 
into  CV-1  cells.  When  nur77  expression  vector  was  cotransfected,  both  dM-trans  RA-  and  9-cis  RA- 
induced  reporter  gene  activities  were  enhanced  in  a  concentration  dependent  manner  (Figure  lA). 
Cotransfection  of  200  ng  of  nur77  expression  vector  resulted  in  about  2-fold  increase  of  the  reporter 
activity  when  cells  were  trerated  with  B.ll-trans  RA.  Surprisingly,  the  basal  transcription  of  the 
reporter  was  even  greatly  increased,  with  about  5-fold  increase.  The  enhancement  was  specific  to 
the  PRARE  because  addition  of  nur77  did  not  show  any  effect  on  the  parental  pBLCAT2  reporter. 
A  similar  effect  was  also  observed  with  a  CAT  reporter  containing  the  RARp  gene  promoter  from 
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-60  to  +70,  including  the  PRARE  (Hoffmann  et  al.,  1990)  (Figure  lA).  To  investigate  the 
possibility  that  the  nur77  response  is  due  to  the  presence  of  a  NBRE  within  the  PRARE  (Wilson  et 
al.,  1991;  Perlmann  and  Jansson  1995),  we  changed  two  adenines  in  the  spacing  region  of  the 
PRARE  to  mutate  the  NBRE,  The  mutations  introduced  do  not  affect  the  consensus  half-site  binding 
motifs  of  RAR/RXR  heterodimers.  The  resulting  element  (ApRARE)  was  cloned  into  pBLCAT2 
and  used  as  a  reporter.  When  the  reporter  was  analyzed,  we  observed  a  similar  increase  of  their 
basal  transcription  by  co transfection  of  nur77  expression  vector  (Figure  lA).  This  observation 
suggests  that  the  presence  of  NBRE  in  the  PRARE  is  not  essential  for  the  enhancing  effect  of  nur77. 
To  determine  whether  the  enhancing  effects  of  nur77  could  be  extended  to  other  hormone  response 
elements,  reporter  constructs  containing  TREpal  (Glass  et  al.,  1988),  ApoAI-RARE  (Rottman  et  al., 
1991),  CRBPI-RARE  (Husmann  et  al.,  1992),  Lactoferrin-RARE  (Lee  et  al.,  1995),  CRBPII 
-RARE  (Mangelsdorf  et  al.,  1991),  or  a  thyroid  hormone  specific  response  element  (MHC-TRE) 
(Flink  and  Morkin  1990)  were  transfected  into  CV-1  cells  together  with  or  without  nur77  expression 
vector  (Figure  IB).  Similar  to  the  effect  on  the  PRARE,  various  degrees  of  enhancement  by  nur77 
were  observed  with  reporter  constructs  containing  TREpal,  ApoAI-RARE,  CRBPI-RARE, 
Lactoferrin-RARE,  or  CRBPII  -RARE  (Figure  IB).  However,  cotransfection  of  nur77  did  not 
show  any  effect  on  the  reporter  containing  MHC-TRE  (Figure  IB),  suggesting  that  the  effect  of 
nur77  may  be  specific  to  RAREs.  Thus,  nur77  can  enhance  the  transactivation  of  various  RAREs  in 
a  RA-independent  manner. 

The  effect  of  nur77  on  RAREs  does  not  require  direct  nur77-RARE  interaction 
To  investigate  whether  the  enhancement  of  RARE  activity  by  nur77  is  due  to  its  binding  to  the 
elements,  gel  retardation  assays  were  performed.  When  the  PRARE  was  used  as  a  probe,  nur77 
alone  did  not  exhibit  clear  binding  (Figure  2A).  However,  a  strong  complex  was  formed  with  the 
PRARE  when  nur77  was  mixed  with  RXR.  The  complex  could  be  upshifted  by  anti-nur77  antibody 
and  abolished  by  anti-RXR  antibody,"  demonstrating  that  the  complex  represents  RXR/nur77 
heterodimers.  However,  when  the  ApRARE  was  used  as  a  probe,  we  did  not  see  any  binding  of 
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RXR/nur77  heterodiraers  (Figure  2B).  This  data  suggests  that  the  integrity  of  the  nur77  binding  site 
(NBRE)  within  the  pRARE  is  required  for  efficient  RXR/nur77  binding.  When  the  binding  of 

nur77  on  other  RAREs,  such  as  TREpal,  CRBPI-RARE,  CRBPH-RARE,  HIV-RARE  and  ApoAI- 
RARE,  was  analyzed,  we  did  not  observe  any  binding  of  nur77  on  these  elements  either  in  the 
presence  or  absence  of  RXR  or  RAR,  except  a  week  RXR/nur77  heterodimer  binding  with  the 
CRBPII-RARE  (Figure  2B),  As  a  control,  RXR/RAR  heterodimers  formed  a  strong  complex  to  all 
these  RAREs.  Together,  these  results  indicate  that  nur77  enhances  the  activities  of  different  RAREs 
via  a  mechanism  that  is  unlikely  to  involve  a  direct  nur77-RARE  interaction. 

Nur77  inhibits  COUP-TF  DNA  binding 

The  above  data  suggest  that  nur77  may  function  to  repress  the  activity  of  an  inhibitor  on  RAREs, 
thereby  alleviating  its  inhibition.  We  then  investigated  the  possibility  that  nur77  affects  the  binding 
of  COUP-TFs  that  are  known  to  bind  to  and  restrict  transcription  of  various  RAREs  (Cooney  et  al., 
1992;  Kliewer  et  al.,  1992;  Tran  et  al.,  1992;  Windom  et  al.,  1992).  We  first  examined  the  effect  of 
nur77  on  COUP-TF  binding  on  the  PRARE.  COUP-TFI  or  COUP-TFE  formed  a  strong  complex 
with  the  pRARE  (Figure  3A).  However,  when  nur77  protein  was  added,  the  COUP-TF  binding 
complex  was  inhibited.  The  inhibition  was  very  efficient  in  that  a  one-molar  excess  amount  of  nur77 
almost  completely  inhibited  the  COUP-TF  binding,  and  was  specific  as  a  similar  amount  of  RAR  had 
no  effect  on  the  binding  (Figure  3A).  This  result  suggests  that  nur77  may  interact  with  COUP-TF, 
resulting  in  formation  of  nur77/COUP-TF  heterodimers  that  can  not  bind  to  the  pRARE.  We  then 
investigated  whether  this  interaction  could  affect  nur77/RXR  heterodimer  binding  on  the  pRARE. 
When  COUP-TFI  or  COUP-TFII  was  incubated  with  nur77  and  RXR,  the  binding  of  RXR/nur77 
on  the  PRARE  was  efficiently  inhibited  (Figure  3B).  A  two-molar  excess  amount  of  COUP-TFI  or 
COUP-TFII  was  sufficient  to  inhibit  nur77/RXR  heterodimer  binding.  When  larger  amount  of 
COUP-TFI  or  COUP-TFE  was  used,  the  nur77/RXR  heterodimer  binding  was  completely  inhibited 
and  binding  of  COUP-TF  appeared.  Thus,  nur77  and  COUP-TF  can  interact  with  each  other, 
resulting  in  mutual  inhibition  of  their  DNA  binding.  To  further  study  the  interaction,  the  effect  of 
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nur77  on  COUP-TF  binding  on  TREpal,  CRBPI-RARE,  CRBPII-RARE,  and  ApoAI-RARE  was 
analyzed  (Figure  4).  As  previously  reported  (Tran  et  al.,  1992),  COUP-TFI  or  COUP-TFII  formed 
a  strong  complex  with  these  RAREs.  Their  binding,  however,  was  inhibited  by  addition  of  nur77 
protein,  similar  to  that  observed  on  the  pHARE  (Figure  4).  The  efficiency  of  inhibition  slightly 
varies  among  the  response  elements  and  may  depend  on  the  affinity  of  COUP-TF  on  a  particular 
element.  Under  the  conditions  used,  a  two-molar  excess  amount  of  nur77  was  sufficient  to  inhibit 
COUP-TF  binding  on  most  of  the  RAREs  used.  However,  higher  efficiency  of  inhibition  was 
consistently  observed  when  COUP-TF  and  nur77  were  cotranslated  (data  not  shown),  suggesting 
that  prevention  of  the  prompt  formation  of  COUP-TF  homodimers  in  solution  (Tran  et  al.,  1992) 
could  enhance  its  interaction  with  nur77.  These  data,  together  with  the  observation  that  nur77  could 
not  affect  transcription  of  MHC-TRE  (Figure  B)  to  which  COUP-TF  can  not  bind  (Tran  et  al., 
1992),  demonstrate  that  inhibition  of  COUP-TF  DNA  binding  by  nur77  is  likely  responsible  for  its 
enhancement  of  transactivation  activity  of  RAREs. 

Interaction  of  nur77  and  COUP-TF  in  solution 

To  provide  evidence  that  inhibition  of  COUP-TF  DNA  binding  by  nur77  on  RAREs  was  due  to  a 
direct  interaction  of  nur77  and  COUP-TF  in  solution,  we  first  performed  an  immunocoprecipitation 
assay  using  anti-nur77  antibody  (Figure  5A).  When  35s-iabeled  COUP-TFI  or  COUP-TFII  was 
mixed  with  nur77,  each  was  precipitated  by  anti-nur77  antibody.  The  coprecipitation  of  COUP-TFI 
or  COUP-TFII  by  anti-nur77  antibody  was  specific  because  neither  could  be  precipitated  by 
nonspecific  preimmune  serum.  In  addition,  incubation  of  anti-nur77  antibody  with  peptide  used  to 
generate  anti-nur77  antibody  prevented  its  precipitation.  To  further  study  the  interaction,  we  cloned 
nur77  cDNA  into  pGEX-2T  expression  vector  and  expressed  nur77-glutathione-S-transferase  fusion 
protein  in  bacteria.  The  fusion  protein  was  immobilized  to  glutathione  sepharose  beads,  and  mixed 
with  either  35S-labeled  COUP-TFI  or  COUP-TFII  protein.  As  shown  in  Figure  5B,  labeled  COUP- 
TF  protein  was  specifically  bound  to  nur77-immobilized  sepharose  beads  but  not  to  the  control 
beads,  demonstrating  the  specific  interaction.  To  study  whether  nur77  and  COUP-TF  could  interact 
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in  vivo,  we  cloned  nur77  and  COUP-TF  into  yeast  expression  vectors  pGBT9  and  pGAD424, 
respectively.  The  resulting  vectors.  pGBT9-nur77  and  pGAD424-COUP-TF,  were  analyzed  for 
their  interaction  in  vivo  by  the  yeast  two-hybrid  system  (Bartel  et  al.,  1993).  Expression  of  nur77 
and  COUP-TF  strongly  activated  the  LacZ  reporter  that  contains  Gal  4  binding  sites,  while  the 
parental  vectors  did  not  show  any  activity  (Figure  5C).  Thus,  nur77  and  COUP-TF  can  interact  in 
intact  cells.  Together,  these  data  demonstrate  that  nur77  can  inhibit  COUP-TF  DNA  binding  through 
a  direct  protein-protein  interaction. 

Antagonism  effect  of  nur77  and  COUP-TF  on  modulating  RA  sensitivity  of  RAREs 
The  previous  demonstration  that  COUP-TF  can  inhibit  RA-induced  activity  was  mainly  based  on 
transient  cotransfection  assays  where  COUP-TF  might  be  overexpressed  (Cooney  et  al.,  1992; 
Kliewer  et  al.,  1992;  Tran  et  al.,  1992;  Windom  et  al.,  1992).  We  then  examined  the  effect  of 
various  concentrations  of  COUP-TF  on  the  pRARE  activity.  Cotransfection  of  larger  amounts  of 
COUP-TF  expression  vector  with  the  pRARE-tk-CAT  reporter  almost  completely  inhibited  RA- 
induced  reporter  activity,  consistent  with  previous  results  (Cooney  et  al.,  1992;  Kliewer  et  al.,  1992; 
Tran  et  al.,  1992;  Windom  et  al.,  1992).  However,  at  low  concentrations  (1,  5,  or  10  ng),  COUP- 
TF  either  did  not  affected  or  even  slightly  enhanced  the  RA-induced  pRARE  activity  (Figure  6A).  At 
these  concentrations,  COUP-TF  significantly  inhibited  the  basal  activity  of  the  reporter,  resulting  in 
an  increase  of  RA-dependent  fold-induction  of  the  pRARE  activity  (Figure  6B).  Without 
cotransfection  of  COUP-TF,  a  four-fold  induction  of  by  RA  was  seen.  However,  when  10  ng  of 
COUP-TF  expression  vector  was  cotransfected,  we  observed  a  fourteen-fold  induction  of  reporter 
activity  in  response  to  RA.  These  data  are  in  agreement  with  observations  made  previously  on  the 
peroxisome  proliferator  responsive  element  (PPRE)  (Baes  et  al.,  1995)  and  ApoAI-RARE  (Windom 
et  al.,  1992),  where  cotransfection  of  COUP-TF  enhanced  the  hormonal  sensitivity  of  both 
responsive  elements.  Thus,  COUP-TF,  at  appropriate  concentrations  that  are  likely  occur  in  most  of 
cells,  can  enhance  RA  sensitivity  of  the  PRARE.  To  analyze  the  effect  of  nur77  on  COUP-TF 
activity,  we  cotransfected  nur77  expression  vector  together  with  COUP-TF.  As  shown  in  Figure 
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6A,  the  inhibition  of  basal  transcription  of  the  (3RARE  by  COUP-TF  was  completely  alleviated  when 
nur77  was  cotransfected,  resulting  in  a  decrease  of  RA-dependent  fold-induction  of  the  PRARE 
activity  (Figure  6B),  These  data,  together  with  results  shown  in  Figure  1,  demonstrate  that  nur77 
can  desensitize  RA  responsiveness  of  RAREs  by  antagonizing  COUP-TF  DNA  binding  and 
transcriptional  activity. 

Expression  of  nur77  and  COUP-TF  in  human  lung  cancer  and  bladder  cancer  cell 
lines 

The  above  observations  prompted  us  to  investigate  whether  expression  levels  of  nur77  and  COUP- 
TF  correlate  with  RA  sensitivities  observed  in  various  lung  cancer  (Figure  7A)  and  bladder  cancer 
(Figure  7B)  cell  lines.  These  cancer  cell  lines  displayed  various  degrees  of  RA  sensitivities  in 
inducing  pRARE  despite  that  RARs  and  RXRs  are  well  expressed  in  these  cell  lines  (Zhang  et  al., 
1994;  data  not  shown).  Although  the  degree  of  RA  induction  of  PRARE  activity  may  also  depend 
on  levels  of  retinoid  receptors  expressed  in  the  cell  lines,  we  found  a  perfect  correlation  between 
COUP-TF  expression  and  RA  induction  of  PRARE  activity  (Figure  7).  COUP-TF  was  well 
expressed  in  Calu-6,  H460,  H596,  SK-MES-1  and  H661  lung  cancer  cell  lines,  and  in  J82  and  HT- 
1376  bladder  cancer  cell  lines,  in  which  PRARE  activity  was  highly  induced  by  RA.  In  contrast, 
COUP-TF  transcripts  were  not  detected  in  other  cancer  cell  lines  that  did  not  show  a  clear  induction 
of  PRARE  activity  in  response  to  RA.  These  observations  raise  the  possibility  that  the  expression  of 
COUP-TF  in  these  cancer  cell  lines  might  sensitize  PRARE  responsiveness  to  RA  through  its 
binding  to  the  element.  When  the  expression  of  nur77  was  analyzed,  we  found  that  it  was  highly 
expressed  in  RA-resistant  H520  and  H292  lung  cancer  cell  lines.  High  levels  of  nur77  were  also 
observed  in  RA-sensitive  H661,  H460  and  J82  cell  lines.  However,  these  cell  lines  showed 
significant  amounts  of  COUP-TF.  The  observation  that  COUP-TF  and  nur77  can  antagonize  each 
other's  activity  suggests  that  the  RA  sensitivity  in  these  cell  lines  may  be  maintained  by  the 
expression  of  COUP-TF  that  can  counteract  nur77  effect.  Under  conditions  used,  we  did  not  detect 
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expression  of  nur77  in  RA-resistant  H441,  SCaBER  and  5637  cell  lines.  It  is  likely  that  factors 
other  than  nur77  may  be  responsible  for  RA  resistant  in  these  cells. 

Dynamic  balance  of  nur77  and  COUP-TF  regulates  RA  sensitivity  in  human  cancer 
cell  lines 

In  our  previous  studies,  we  observed  that  RARp  was  differentially  expressed  in  several  human  lung 
cancer  cell  lines  (Zhang  et  al.,  1994).  RARP  was  not  expressed  in  Calu-6  lung  cancer  cells  but  its 
expression  was  greatly  induced  by  RA  treatment.  In  contrast,  RARP  was  highly  expressed  in  H292 
lung  cancer  cells  but  in  a  RA-independent  manner  (Figure  8  A).  The  observations  that  COUP-TF  is 
expressed  in  RA-sensitive  Calu-6  but  not  in  RA-resistant  H292  cells  and  that  nur77  is  expressed  in 
H292  but  not  in  Calu-6  cells  (Figure  7)  suggest  that  relative  expression  levels  of  COUP-TF  and 
nur77  may  affect  expression  of  RARE-containing  genes,  such  as  RARp.  We,  therefore,  analyzed 
whether  different  RA  sensitivities  of  pRARE  in  Calu-6  and  H292  cells  could  be  attributed  to  levels 
of  nur77  and  COUP-TF  in  the  cells.  We  first  investigated  the  effect  of  nur77  in  RA-sensitive  Calu- 
6  cells  (Figure  8B).  When  nur77  expression  vector  was  cotransfected  together  with  the  pRARE-tk- 

CAT  into  the  cells,  we  observed  an  increase  of  basal  activity  and  a  decrease  of  RA-dependent  fold- 
induction  of  the  reporter.  Cotransfection  of  50  ng  of  nur77  expression  vector  reduced  RA-dependent 
PRARE  activity  from  seven-fold  to  two-fold.  We  next  analyzed  the  effect  of  COUP-TF  on  RA- 
resistant  H292  cells  (Figure  8C).  Cotransfection  of  COUP-TF  expression  vector  with  the  pRARE- 
tk-CAT  into  the  cells  reduced  basal  reporter  activity  while  RA-induced  activity  was  not  clearly 
affected.  In  the  absence  of  COUP-TF,  we  did  not  see  clear  effect  of  RA  on  PRARE  activity. 
However,  when  20  ng  of  COUP-TF  expression  vector  was  cotransfected,  we  found  a  three-fold 
induction  of  the  pRARE  activity  by  RA.  Thus,  a  dynamic  balance  of  nur77  and  COUP-TF  is 
important  in  regulating  RA  sensitivity  of  the  PRARE  in  these  cancer  cells  and  that  overexpression  of 
nur77  and/or  lack  of  COUP-TF  may  be  responsible  for  RA-resistance  in  H292  cells. 
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Stable  expression  of  COUP-TF  restores  RA  sensitivity  in  RA  resistant  human  lung 
cancer  cells 

The  observations  that  nur77  and  COUP-TF  are  differentially  expressed  in  RA-sensitive  Calu-6  and 
RA-resistant  H292  cells  (Figure  7)  and  that  they  can  antagonize  each  other's  transcriptional  activity 
(Figure  8)  suggest  a  possibility  that  constitutive  expression  of  RARp  in  H292  cells  may  be  due  to 
overexpression  of  nur77  and  lack  of  COUP-TF  in  the  cells.  To  test  whether  expression  of  COUP- 
TF  could  antagonize  the  effect  of  nur77  and  sensitize  RARp  expression  responsiveness  to  RA  in 
H292  cells,  we  stably  expressed  COUP-TF  in  the  cells.  Two  stable  clones  (H292/COUP-TFI-2  and 
H292/COUP-TFI-3)  that  expressed  COUP-TF  were  subject  to  analysis  of  their  RARP  gene 
expression  in  the  absence  or  presence  of  RA.  In  the  absence  of  RA,  levels  of  RARp  expression  in 
these  stable  clones  was  much  lower  than  that  in  the  parental  H292  cells  (Figure  9A).  Surprisingly, 
treatment  of  the  stable  clones  with  RA  strongly  enhanced  RARP  gene  expression  in  the  stable  clones 
while  it  had  little  effect  on  the  parental  H292  cells  (Figure  9A).  Most  importantly,  we  observed  that 
RA,  that  was  not  able  to  inhibit  the  growth  of  parental  H292  cells,  could  now  strongly  inhibit  the 
growth  of  the  stable  clones,  with  about  85%  of  inhibition  observed  when  the  cells  were  treated  with 
10'^  M  RA  for  six  days  (Figure  9B).  Thus,  the  expression  of  COUP-TF  could  sensitize  RA 
responsiveness  of  RARP  expression  and  growth  inhibition  in  RA-resistant  H292  lung  cancer  cells. 


Discussion 

The  diverse  function  of  RA  is  mainly  mediated  by  RARs  and  RXRs.  However,  expression  of  RARs 
and  RXRs  is  not  sufficient  to  render  cells  RA  responsiveness.  This  becomes  especially  apparent  in 
certain  RA-resistant  cancer  cells  (Zhang  et  al.,  1994;  Kim  et  al.,  1995;  Moghal  and  Neel,  1995). 
Here  we  provide  evidence  that  orphan  receptors  COUP-TF  and  nur77  play  a  critical  role  in  the 
regulation  of  RA  responsiveness  of  various  RA  target  genes  through  their  modulation  of  RARE 
binding.  COUP-TFs  bind  to  a  variety  of  RAREs  and  sensitize  their  RA  responsiveness. 
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Conversely,  nur77  reduces  RA  sensitivity  of  RAREs  through  heterodimerization  with  COUP-TF, 
that  results  in  inhibition  of  COUP-TF  binding  to  RAREs.  These  observations  demonstrate  important 
role  of  nuclear  orphan  receptors  in  the  regulation  of  RA  responses.  It  is  expected  that  many  of  the 
orphan  receptors  may  function  to  modulate  the  response  of  ligand-activated  receptors  and  their 
response  elements. 

COUP-TFs  function  to  sensitize  RA  responsiveness  of  RAREs 
Results  from  several  previous  studies  demonstrate  that  COUP-TFs  function  as  negative  regulators  of 
RA  target  genes  (Cooney  et  al.,  1992;  Kliewer  et  al.,  1992;  Tran  et  al.,  1992;  Windom  et  al.,  1992). 
Several  lines  of  evidence  presented  here  suggest  that  COUP-TFs  may  also  function  to  sensitize  the 
RA  responsiveness  of  certain  RA  target  genes.  In  transient  transfection  assays  in  CV-1  (Figure  6) 
and  in  lung  cancer  cells  (Figure  8),  expression  of  appropriate  amounts  of  COUP-TF  repressed  the 
basal  transcription  of  the  pRARE-tk-CAT  reporter  while  it  had  no  effect  on  RA-induced  reporter 
activity.  Such  an  effect  results  in  an  increase  of  RA  sensitivity  of  the  PRARE  (Figures  6  and  8). 
Similar  effect  of  COUP-TF  was  also  observed  on  the  peroxisome  proliferator  responsive  element 
(Baes  et  al.,  1995).  When  we  analyzed  RARE  binding  of  nuclear  proteins  prepared  from  RA- 
sensitive  and  RA-resistant  lung  cancer  cell  lines,  we  observed  strong  RARE-binding  complexes  in 
RA-sensitive  cells  but  not  in  RA-resistant  cells.  Using  anti-COUP-TF  antibody,  we  found  that  the 
major  complex  observed  in  RA-sensitive  cells  represents  COUP-TF  binding  (data  not  shown). 
These  results,  together  with  the  observation  that  COUP-TF  binds  to  RAREs  in  vitro  (Figures  3  and 
4),  suggest  that  the  repressive  effect  of  COUP-TF  on  pHARE  basal  activity  is  due  to  its  binding  to 

the  element,  that  prevents  RAREs  from  binding  and  activating  by  other  RA-independent  activators. 
One  of  the  well-known  factor  that  binds  to  the  PRARE  is  MB67  (Baes  et  al.,  1994).  MB67  is 
another  orphan  member  of  nuclear  hormone  receptor  superfamily.  It  binds  to  the  PRARE  as  a 
heterodimerize  with  RXR,  and  activates  the  PRARE  in  a  RA-independent  manner  (Baes  et  al., 
1994).  Thus,  it  is  expected  that,  in  the  absence  of  COUP-TF,  the  pRARE  may  be  activated  by 
MB67  or  similar  activators  in  a  RA-independent  manner.  Other  constitutive  activators  on  RAREs 
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have  been  also  identified.  In  the  case  of  DR-1  type  of  RAREs,  HNF-4,  a  liver  enriched  nuclear 
orphan  receptor  (Sladek  et  al.,  1990),  binds  to  the  element  and  acts  as  a  strong  constitutive 
transcriptional  activator  (Jiang  et  al.,  1995).  The  observations  that  COUP-TFs  bind  to  this  type  of 
RAREs  and  antagonize  HNF-4  effect  (Garcia  et  al.,  1993)  suggest  that  COUP-TFs  may  also 
function  to  protect  these  RAREs  from  binding  and  activating  by  ligand-independent  activators. 

Our  finding  that,  at  appropriate  concentrations,  COUP-TF  does  not  inhibit  RA-induced  RARE 
activity  (Figures  6  and  8)  implies  that  the  binding  of  COUP-TF  on  RAREs  may  be  replaced  by 
retinoid  receptors  in  the  presence  of  RA.  This  would  suggest  that  retinoid  receptors,  upon  binding  to 
RA,  have  higher  affinity  to  RAREs.  We  showed  previously  that  binding  of  RXR  homodimers  to 
RAREs  was  promoted  by  its  ligand  9-cis  RA  in  vitro  (Zhang  et  al.,  1992b).  Although  RA  does  not 
show  any  effect  on  RAR/RXR  heterodimer  DNA  binding  in  vitro  (Zhang  et  al.,  1992a;  Zhang  et  al., 
1992b),  a  recent  study,  using  in  vivo  footprinting,  demonstrates  that  RAR  ligands  can  promote 
receptor  PRARE  binding  in  vivo  (Chen  et  al.,  1996).  Thus,  it  is  likely  that,  in  vivo,  ligand  induces 
conformational  changes  of  retinoid  receptors  so  that  they  have  higher  affinity  to  RARE,  that  would 
allow  them  to  replace  COUP-TF  RARE  binding,  and  subsequently  RA  responses.  Thus,  one  of  the 
main  functions  of  COUP-TF  is  to  protect  certain  RAREs  from  RA-independent  activation  and 
thereby  maintain  the  RA  sensitivity  of  the  RAREs  once  RA  is  available.  Thus,  COUP-TFs  may  act 
to  sensitize  certain  RAREs  their  RA  responsiveness  while  at  the  same  time  function  as  negative 
regulators  of  other  RAREs.  Whether  they  function  as  sensitizers  or  negative  regulators  may  largely 
depend  on  the  relative  affinity  of  COUP-TFs  to  RAREs  and  their  cellular  concentrations.  At  certain 
concentrations,  COUP-TF  may  sensitize  certain  RAREs  their  responsiveness  to  RA.  The  RAREs, 
such  as  the  PRARE,  have  relative  low  affinity  to  COUP-TFs  (Tran  et  al.,  1992)  so  that  the  binding 
of  COUP-TFs  can  be  competed  and  replaced  by  liganded-retinoid  receptors.  In  contrast,  the  affinity 
of  COUP-TFs  to  some  other  RAREs  may  be  higher  and  their  binding  can  not  be  replaced  by 
liganded-retinoid  receptors.  COUP-TFs  may  therefore  function  as  negative  regulators  of  these 
RAREs. 
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Nur77  modulates  RARE  activity  through  interaction  vv'ith  COUP-TF 
Nur77  is  an  immediate-early  protein  whose  expression  is  rapidly  induced  by  a  variety  of  growth 
stimuU  (Hazel  et  al.,  1988;  Fahmer  et  al.,  1990;  WiUiams  and  Lau  1993;  Wilson  et  al.,  1993;  Lim  et 
al.,  1995).  It  has  been  reported  that  nur77  binds  its  recognition  element  (NBRE)  as  monomer  to 
regulate  expression  of  its  target  genes  (Wilson  et  al.,  1991).  However,  it  was  reported  that  nur77 
could  form  heterodimers  with  RXR  on  PRARE  (Forman  et  al.,  1995;  Perlmann  and  Jansson,  1995), 
suggesting  that  nur77  is  also  involved  in  the  regulation  of  retinoid  function.  In  present  study,  we 
show  that  nur77  can  enhance  transactivation  activity  of  a  variety  of  RAREs  (Figure  1).  Nur77  alone 
or  in  the  presence  of  RAR  or  RXR  did  not  show  binding  to  the  RAREs  except  the  pRARE  (Figure 
3A),  indicating  that  DNA  binding  is  not  involved  in  nur77-mediated  activation.  In  the  case  of  the 
PRARE,  binding  of  nur77/RXR  heterodimers  may  contribute  to  its  effect  since  we  have  observed 
that  cotransfection  of  RXR  augments  the  enhancing  effect  of  nur77  on  the  PRARE  (data  not  shown). 
These  findings  prompted  us  to  investigate  the  interaction  of  nur77  and  COUP-TF.  Our  gel 
retardation  assay  shows  effective  inhibition  of  COUP-TF  binding  by  nur77  (Figures  3  and  4).  The 
inhibition  of  COUP-TF  binding  is  conferred  through  a  direct  nur77-COUP-TF  interaction  in  solution 
as  revealed  by  our  immunocoprecipitation  (Figure  4A)  and  GST-pull  down  assays  (Figure  4B). 
Furthermore,  the  interaction  occurs  in  vivo  (Figure  4C).  In  transient  transfection  assay,  nur77  can 
counteract  the  effect  of  co-transfected  COUP-TF  in  CV-1  cells  (Figure  6)  and  in  lung  cancer  cells 
(Figure  8),  resulting  in  reduced  RA  sensitivity  of  RARE.  These  observations  demonstrate  that  nur77 
is  involved  in  the  regulation  of  RA  sensitivity  of  various  RAREs.  This  is  supported  by  our  finding 
that  nur77  is  highly  expressed  in  certain  RA-resistant  cancer  cell  lines,  such  as  H292  and  H520  cells 
(Figure  7).  Since  COUP-TFs  are  known  to  bind  to  certain  vitamin  D  and  thyroid  hormone  response 
elements  (Cooney  et  al.,  1992;  Kliewer  et  al.,  1992;  Tran  et  al.,  1992;  Windom  et  al.,  1992),  our 
finding  that  nur77  can  interact  with  COUP-TFs  suggest  that  nur77  may  be  also  involved  in  the 
regulation  of  other  hormonal  signalings.  - 
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Regulation  of  RA  responsiveness  of  RARP  expression 

Up-regulation  of  RARp  expression  by  RA  presumably  plays  an  important  role  in  amplifying  RA 
response  and  has  been  shown  to  be  associated  with  RA-induced  growth  inhibition  in  cancer  cells  (Li 
et  al.,  1996;  Liu  et  al.,  1996)  and  clinical  retinoid  response  in  patients  with  premalignant  oral  lesions 
(Lotan  et  al.,  1995),  Loss  of  such  mechanism  has  been  observed  in  certain  RA-resistant  cancer  cells 
(Zhang  et  al.,  1994;  Li  et  al.,  1996;  Liu  et  al.,  1996).  Induction  of  RARP  by  RA  is  mainly  mediated 
by  the  PRARE  in  its  promoter  (de  The  et  al.,  1990;  Hoffmann  et  al.,  1990;  Sucov  et  al.,  1990).  We 
show  that  nur77  and  COUP-TF  can  reciprocally  repress  one  another's  PRARE  binding  (Figure  3). 
This  observation  and  transient  transfection  assays  in  CV-1  (Figure  6)  and  in  lung  cancer  cells  (Figure 
8)  as  well  as  stable  transfection  assay  in  H292  lung  cancer  cells  (Figure  9)  provide  convincing 
evidence  that  RA  sensitivity  of  PRARE  is  largely  controlled  by  relative  concentrations  of  COUP-TF 
and  nur77  providing  that  retinoid  receptors  are  expressed.  In  our  study  of  human  lung  cancer  and 
bladder  cancer  cell  lines,  we  show  a  close  correlation  between  relative  abundance  of  COUP-TF  and 
nur77  and  RA  sensitivity  of  the  PRARE  in  the  majority  of  cancer  cell  lines  (Figure  7).  Nur77  is 
highly  expressed  in  certain  RA-resistant  cancer  cell  lines,  suggesting  that  overexpression  of  nur77 
may  be  responsible  for  loss  of  PRARE  sensitivity  to  RA  in  certain  cancer  cell  lines,  such  as  H292 
cells.  In  contrast,  COUP-TF  is  only  expressed  in  cancer  cell  lines  in  which  the  PRARE  is  highly 
sensitive  to  RA.  When  COUP-TF  was  stably  introduced  and  expressed  in  RA-resistant  H292  lung 
cancer  cells,  the  RA-independent  expression  of  RARP  gained  RA-dependency.  These  observations 
indicate  that  COUP-TFs  do  not  function  as  negative  regulators  on  the  PRARE  and  suggest  that 
appropriate  concentrations  of  COUP-TFs  are  required  for  RA  to  induce  RARP  expression  and 
subsequently  the  growth  inhibition  (Figure  9).  This  is  reminiscent  of  in  vivo  observations  (Reuberte 
et  al.,  1993;  Lutz  et  al.,  1994)  that  RARp  expression  is  restricted  to  motor  neurons  at  the  time  when 
COUP-TF  is  highly  expressed. 

Biological  significance  of  nur77-COUP-TF  interaction 
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The  findings  described  here  further  demonstrate  the  extensive  cross-talk  between  two  major  signal 
transduction  pathways  that  modulate  gene  transcription  in  response  to  vitamin  A,  phorbol  esters  and 
growth  factors.  Previous  discoveries  (Nicholson  et  al.,  1990;  Schule  et  al.,  1991;  Yang-Yen  et  al., 
1991)  have  demonstrated  that  the  two  systems  interact  through  interaction  between  retinoid  receptor 
and  AP-1,  that  appears  to  be  mediated  by  CREB-binding  protein  (CBP)  (Kamei  et  al.,  1996).  The 
present  findings  reveal  a  novel  mechanism  that  mediates  the  cross-talk  through  interaction  between 
nur77  and  COUP-TF,  that  modulates  RA  sensitivity  of  RAREs.  We  show  that  RA  sensitivity  of  the 
RARE  is  largely  modulated  by  COUP-TF  and  nur77.  We  have  found  that  modulation  of  nur77 
expression  levels  in  cancer  cells  by  changing  fetal  calf  serum  concentration  in  the  culture  medium 
and/or  treatment  of  phorbol  ester  TPA  dramatically  affects  RA  sensitivity  of  the  ceUs  (data  not 
shown),  demonstrating  that  nur77  mediates  the  effect  of  growth  factors  and  phorbol  esters  on 
retinoid  response.  Nur77  is  one  of  the  few  nuclear  receptors  whose  expression  is  rapidly  induced 
by  growth  factors  and  cAMP-dependent  pathway  (Hazel  et  al.,  1988;  Fahmer  et  al.,  1990;  Williams 
and  Lau  1993;  Wilson  et  al.,  1993;  Lim  et  al.,  1995).  In  addition,  nur77  can  be  activated  through 
phosphorylation  (Fahrner  et  al.,  1991;  Hazel  et  al.,  1991;  Davis  et  al.,  1993).  Thus, 
heterodimerization  between  nur77  and  COUP-TF  may  allow  interaction  between  growth  factor  and 
retinoid  signalings.  Remarkably,  COUP-TF  has  been  shown  to  be  activated  by  dopamine  and 
cAMP-dependent  pathways  (Power  et  al.,  1991).  It  remains  to  be  seen  whether  nur77  mediates  the 
effect  of  dopamine  on  COUP-TF  activities. 

A  dynamic  equilibrium  of  the  two  orphan  receptors  will  likely  play  a  crucial  role  in  the  regulation  of 
RA  sensitivity  program  during  development  and  in  adult  life.  It  may  provide  an  environment  that 
modulates  RA  sensitivity  of  RA  target  genes  during  proliferation  and  differentiation  processes.  Such 
environment  appears  to  be  well  controlled  by  different  cellular  stimuli  as  the  expression  of  nur77  is 
induced  by  growth  signalings  (Hazel  et  al.,  1988;  Fahmer  et  al.,  1990;  Williams  and  Lau  1993, 
Wilson  et  al.,  1993;  Lim  et  al.,  1995)  while  the  expression  of  COUP-TF  can  be  enhanced  by  RA 
(Jonk  et  al.,  1994).  Loss  of  such  control  mechanisms  may  result  in  overexpression  of  nur77  and/or 
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lack  of  COUP-TF  as  seen  in  H292  and  H520  cells.  This,  in  turn,  may  be  responsible  for  RA 
resistance,  and  may  contribute  to  cell  proliferation  and  neoplastic  transformation  by  releasing  the 
inhibitory  effect  of  RA  on  cell  growth.  Our  demonstration  that  expression  of  COUP-TF  in  RA 
resistant  H292  cells  could  enhance  their  RA  response  provides  novel  approaches  for  restoring  RA 
sensitivity  in  certain  RA-resistant  cancer  cells. 


Materials  and  methods 

Cell  culture 

CV-1  cells  were  grown  in  DME  medium  supplemented  with  10%  fetal  calf  serum  (FCS).  Calu-6, 
SK-MES-1,  J82,  HT-1376  and  SCaBER  cells  were  maintained  in  MEM  medium  supplemented  with 
10%  FCS.  H292,  H520,  H460,  H596,  H441,  H661  and  5631  cells  were  grown  in  RPMI1640 
supplemented  with  10%  FCS.  A-549  cells  were  maintained  in  F12  medium  supplemented  with  10% 
FCS. 

Plasmids  and  receptor  proteins. 

Nur77  expression  vector  was  constructed  by  cloning  the  nur77  cDNA  (Chang  and  Kokontis,  1988) 
fragment  into  pECE  vector.  The  construction  of  the  reporter  plasmids  j3RARE-tk-CAT,  TREpal-tk- 

CAT,  CRBPI-RARE-tk-CAT,  CRBPH-RARE-tk-CAT,  Apo  AI-RARE-tk-CAT,  lactoferrin-RARE- 
tk-CAT,  MHC-TRE-HC-CAT  has  been  described  previously  (Hermann  et  al.,  1992;  Tran  et  al., 
1992;  Zhang  et  al.,  1992a;  Zhang  et  al.,  1992b;  Lee  et  al.,  1995).  The  reporter  ApRARE-tk-CAT 
was  obtained  by  inserting  one  copy  of  mutated  PRARE  oligonucleotide 
(TGTAGGGTTCACACTGAGTTCACTCAl  (underline  indicates  the  mutated  nucleotides)  into  the 
BamHI  site  of  pBLCAT2  (Luckow  and  Schutz,  1987).  The  RARP  promoter  (Smal-EcoRI 
fragment)  reporter  has  been  described  (Hoffmann  et  al.,  1990).  The  construction  of  COUP-TFI 
cDNA  into  pRc/CMV  vector  (Invitrogene,  San  Diego,  CA)  followed  the  procedure  described 
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previously  (Liu  et  al.,  1996),  Receptor  proteins  were  synthesized  by  in  vitro  transcription/translation 
system  using  rabbit  reticulocyte  lysate  (Promega)  as  described  previously  (Pfahl  et  al.,  1990).  The 
relative  amount  of  the  translated  proteins  was  determined  by  ^^S-methionine-labeled  protein  on  SDS- 
PAGE,  quantitating  the  amount  of  incorporated  radioactivity,  and  normalizing  it  relative  to  the 
content  of  methionine  in  each  protein. 

Transient  and  stable  transfection  assay. 

For  CV-1  cells,  they  were  plated  at  1  X  10^  cells  per  well  in  a  24-well  plate  16-24  h  before 
transfection  as  described  previously  (Pfahl  et  al.,  1990).  For  Calu-6  and  H292  cells,  5  X  10^  cells 
were  seeded  in  six-well  culture  plate.  A  modified  calcium  phosphate  precipitation  procedure  was 
used  for  transient  transfection  and  is  described  elsewhere  (Pfahl  et  al.,  1990).  Briefly,  100  ng  of 
reporter  plasmid,  150  ng  P-galactosidase  expression  vector  (pCH  110,  Pharmacia),  and  various 
amounts  of  nur77  expression  vector  were  mixed  with  carrier  DNA  (pBluescript)  to  1,000  ng  of  total 
DNA  per  well.  CAT  activity  was  normalized  for  transfection  efficiency  to  the  corresponding  p-gal 

activity.  For  stable  transfection,  the  pRc/CMV-COUP-TFI  recombinant  plasmid  was  stably 
transfected  into  H292  cells  using  calcium  phosphate  precipitation  method,  and  screened  using  G418 
(GIBCO  BRL,  Grand  Island,  NY)  as  described  (Liu  et  al.,  1996). 

Gel  retardation  assay. 

Gel  retardation  assay  using  in  vitro  synthesized  proteins  has  been  described  previously  (Pfahl  et  al., 
1990).  When  interaction  of  nur77  and  COUP-TF  was  studied,  they  were  incubated  on  ice  for  10 
min  before  performing  gel  retardation  in  order  to  prevent  the  readily  formation  of  COUP-TF 
homodimer.  In  most  cases,  cotranslation  of  nur77  and  COUP-TF  resulted  in  much  more  efficient 
dimerization  of  the  two  proteins.  When  antibodies  were  used  in  the  gel  retardation  assay,  1  |il  anti- 
nur77  (Santa  Cruz  Biotech.,  Inc.,  Santa  Cruz,  CA)  or  1  |il  anti-RXR  (Lee  et  al.,  1995)  was 
incubated  with  receptor  protein  at  room-temperature  for  30  min  prior  to  performing  gel  retardation 
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assay.  Oligonucleotides  used  for  gel  retardation  assay  have  been  described  elsewhere  (Hermann  et 
al.,  1992;  Tran  et  al.,  1992;  Zhang  et  al.,  1992a;  Zhang  et  al.,  1992b;  Lee  et  al.,  1995). 

Immunoprecipitation  assay 

For  immunoprecipitation  assay  (Zhang  et  al.,  1992a),  5  |il  reticulocyte  lysate  containing  in  vitro 
translated  35s-labeled  COUP-TFI  or  COUP-TFII  were  incubated  with  20  pi  in  vitro  translated  nur77 
in  100  pi  buffer  containing  50  mM  KCl  and  10%  glycerol  for  15  min  on  ice.  The  reactions  were 
then  incubated  with  5  pi  anti-nur77  antibody  or  nonspecific  preimmune  serum  for  2  h  on  ice.  When 

the  peptide  from  which  anti-nur77  antibody  (Santa  Cruz  Biotech.,  Inc.,  Santa  Cruz,  CA)  was 
generated  was  used,  anti-nur77  antibody  was  incubated  with  5  pi  of  peptide  at  room  temperature  for 
30  min  before  adding  to  the  reaction  mixtures.  Immunocomplexes  were  precipitated  by  adding  40  pi 
protein-A-sepharose  slurry  and  mixing  continuously  in  the  cold  room  for  1  h.  The  complexes  were 
then  washed  five  times  with  RIPA  buffer,  resuspended  in  SDS  sample  buffer  containing  15%  p- 
mercaptoethanol,  boiled,  and  resolved  by  SDS-PAGE. 

GST-puIl  down  assay 

To  prepare  glutathione-S-transferase-nur77  fusion  protein  (GST-nur77),  the  nur77  cDNA  was 
cloned  in  frame  into  the  expression  vector  pGEX-2T  (Pharmacia).  The  fusion  protein  was  expressed 
in  bacteria  using  the  procedure  provided  by  the  manufacturer,  and  was  analyzed  by  gel  retardation 
assay  and  western  blot  (data  not  shown).  To  analyze  the  interaction  between  nur77  and  COUP-TF, 
the  fusion  protein  was  immobilized  to  glutathion-sepharose  beads.  For  control,  the  vector  protein 
(glutathione  transferase)  prepared  under  the  same  conditions  was  also  immobilized.  The  beads  were 
preincubated  with  BSA  (1  mg/ml)  at  room  temperature  for  5  min.  ^^S-labeled  in  vitro  synthesized 
receptor  proteins  (2  to  5  ill,  depending  on  translation  efficiency)  were  then  added  to  the  beads.  The 
beads  were  then  continuously  rocked  for  1  h  at  40C  in  a  final  volume  of  200  ill  in  EBC  buffer  (140 
mM  NaCl,  0.5%  NP40, 100  mM  NaF,  200  \lM  Sodium  Orthovanadate,  and  50  mM  Tris,  pHS.O). 
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After  five  times  washing  with  NETN  buffer  (100  raM  NaCl,  1  mM  EDTA,  20  mM  Tris,  pH  8.0, 
0.5%  NP40),  the  bound  proteins  were  analyzed  by  SDS-PAGE. 

Two-hybrid  assay. 

For  the  yeast  two-hybrid  assay,  the  yeast  two-hybrid  system  from  Clontech  Inc.  (Palo  Alto,  CA) 
was  used.  Nur77  cDNA  was  cloned  into  the  yeast  expression  vector  pGBT9  to  generate  an  in-frame 
fusion  with  Gal4  DNA  binding  domain.  COUP-TF  cDNA  was  cloned  into  pGAD424  to  produce  an 
in-frame  fusion  with  Gal4  activation  domain.  The  yeast  reporter  strain  Y190  containing  a  LacZ 
reporter  plasmid  with  Gal4  binding  site  was  used  for  transformation.  P-galactosidase  activity  was 
.  determined  following  the  conditions  provided  by  the  manufacturer  to  assess  the  interaction  between 
nur77  and  COUP-TF. 

MTT  assay 

To  determine  the  effect  of  ail-trans  RA  on  the  viability  of  the  stable  transfectants,  cells  were  seeded  at 
l.OIX)  per  well  in  96-well  plate,  and  treated  with  various  concentrations  of  a\i-trans  RA  for  six  days. 
Media  were  changed  every  48  h.  The  number  of  viable  cells  were  determined  by  MTT  assay  as 
described  previously  (Mosmann,  1983). 

Northern  blot 

For  Northern  blot  analysis,  total  RNAs  were  prepared  by  the  guanidine  hydrochloride- 
ultracentrifugation  method  as  described  (Zhang  et  al.,  1994).  30  pg  of  total  RNAs  from  different 
cell  lines  treated  with  or  without  10  ^M  al\-trans  RA  were  analyzed  by  Northern  blot.  RARp, 
COUP-TFI  or  nur77  cDNA  was  used  as  a  probe.  To  determine  that  equal  amounts  of  RNA  were 
used,  the  expression  of  p-actin  was  studied. 
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Figure  Legends 


Figure  1.  RA-independent  enhancement  of  RARE  activities  by  nur77.  A.  Nur77 
-promotes  PRARE  and  RARP  promoter  activities.  B.  Nur77  activities  on  various  RAREs  and  TRE. 
CV-1  cells  were  transfected  with  100  ng  indicated  CAT  reporter  gene  together  with  the  indicated 
amounts  of  nur77  expression  vector.  Cells  were  treated  with  either  dlVtrcms  RA  (stripped  bar),  9-ds 
RA  (dotted  bar),  thyroid  hormone  T3  (open  bar),  or  no  hormone  (filled  bar),  and  24  h  later  assayed 
for  CAT  activity,  CAT  activity  was  normalized  for  transfection  efficiency  to  the  corresponding  P- 
gal  activity.  Data  shown  represent  the  means  of  three  independent  experiments. 


Figure  2.  Binding  of  nur77  on  various  RAREs.  A.  Nur77  forms  heterodimers  with 
RXR  on  the  pRARE.  Equal  amount  of  in  vitro  synthesized  nur77  and  RXR  was  incubated  alone  or 
together  at  room  temperature  for  10  min.  The  reaction  mixtures  were  then  incubated  with  32p. 
labeled  PRARE  and  analyzed  by  gel  retardation  assay.  When  antibody  (Ab)  was  used,  it  was 
incubated  with  receptor  protein  for  30  min  at  room  temperature  before  performing  the  gel  retardation 
assay.  B.  Analysis  of  nur77  binding  on  various  RAREs  in  the  presence  or  absence  of  RAR  or 
RXR.  An  equal  amount  of  nur77  was  incubated  alone  or  together  with  RAR  or  RXR  prior  to 
performing  the  gel  retardation  assay  using  the  indicated  RARE  as  a  probe.  For  comparison,  the 
binding  of  RAR/RXR  heterodimers  was  shown. 


Figure  3.  Mutual  inhibition  of  nur77  and  COUP-TF  DNA  binding.  A.  Inhibition  of 
COUP-TF  DNA  binding  on  the  PRARE  by  nur77.  In  vitro  synthesized  COUP-TF  was  preincubated 
with  the  indicated  molar  excess  of  nur77.  Unprogramihed  reticulocyte  lysate  was  used  to  maintain 
an  equal  protein  concentration  in  each  reaction.  Following  this  preincubation,  the  reaction  mixtures 
were  incubated  with  32p-labeled  pRARE  and  analyzed  by  the  gel  retardation  assay.  For  the  control. 
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COUP-TF  was  also  preincubated  with  the  indicated  molar  excess  of  in  vitro  synthesized  RARa 
protein.  B.  Inhibition  of  nur77/RXR  heterodimer  binding  on  the  PRARE  by  COUP-TFs.  In  vitro 
synthesized  nur77  protein  was  preincubated  with  RXRa  in  the  presence  or  absence  of  indicated 
molar  excess  of  COUP-TFI  or  COUP-TFII,  and  analyzed  by  gel  retardation  assay  using  the  pRARE 
as  a  probe.  Unprogrammed  reticulocyte  lysate  was  used  to  maintain  an  equal  protein  concentration 
in  each  reaction. 


Figure  4.  Inhibition  of  COUP-TF  binding  by  nur77  on  different  RAREs.  In  vitro  synthesized 
COUP-TF  protein  was  preincubated  with  the  indicated  molar  excess  of  nur77  and  analyzed  by  gel 
retardation  assay  using  the  indicated  RARE  as  a  probe.  Unprogrammed  reticulocyte  lysate  was  used 
to  maintain  an  equal  protein  concentration  in  each  reaction. 


Figure  5.  Direct  interaction  of  nur77  and  COUP-TF  in  solution.  A.  Analysis  of  nur77/COUP- 
TF  interaction  by  the  immunocoprecipitation  assay.  35s-labeled  in  vitro  synthesized  COUP-TFI  or 
COUP-TFII  was  incubated  with  in  vitro  synthesized  nur77.  After  incubation,  either  anti-nur77 
antibody  or  nonspecific  preimmune  serum  (NI)  was  added.  In  the  control,  anti-nur77  antibody  was 
preincubated  with  a  peptide  from  which  the  antibody  was  generated.  The  immune  complexes  were 
washed,  boiled  in  SDS  sample  buffer  and  separated  on  a  10%  SDS-PAGE.  The  labeled  COUP-TFI 
and  COUP-TFII  are  shown  for  comparison.  B.  Analysis  of  nur77/COUP-TF  interaction  by  the 
GST-pull  down  assay.  To  further  analyze  the  interaction  between  nur77  and  COUP-TFs,  nur77 
protein  was  synthesized  in  bacteria  using  pGEX-2T  expression  vector  (Pharmacia).  The  glutathione- 
S-transferase-nur77  (GST-nur77)  fusion  protein  were  immobilized  to  the  glutathione  Sepharose 
beads.  As  a  control,  the  same  amount  of  glutathione  transferase  was  also  immobilized  to  the  beads. 
35S.labeled  COUP-TFI  or  COUP-TFH  was  then  mixed  with  the  beads.  After  extensive  washing, 
the  bound  proteins  were  analyzed  by  SDS-PAGE.  The  input  proteins  were  shown  for  comparison. 
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C.  Analysis  of  nur77  /COUP-TF  interaction  by  the  yeast  two-hybrid  assay.  The  nur77  and  COUP- 
TFI  cDNAs  were  cloned  into  the  yeast  expression  vectors  pGBT9  and  pGAD424,  respectively.  P- 

galactosidase  activity  was  assayed  from  a  yeast  strain  Y190  containing  the  lacZ  reporter  plasmid  to 
study  the  in  vivo  interaction.  The  P-galactosidase  activity  measured  with  the  parental  yeast 
expression  vectors  is  shown  for  control. 


Figure  6.  Modulation  of  RA  sensitivity  of  pHARE  by  COUP-TF  and  nur77.  A.  pRARE-tk-CAT 
was  cotransfected  with  the  indicated  amounts  of  nur77  and/or  COUP-TF  into  CV-1  cells.  Cells  were 
treated  with  or  without  10'^  M  zll-trans  RA,  and  24  h  later  assayed  for  CAT  activity.  Data  shown 
represent  the  means  of  three  independent  experiments.  B.  The  same  data  were  plotted  to  indicate  the 
fold-activation  by  RA . 


Figure  7.  Expression  of  COUP-TF  and  nur77  and  PRARE  activity  in  human  lung  cancer  and 
bladder  cancer  lines.  A.  Expression  of  COUP-TF  and  nur77,  and  RA-dependent  pRARE  activity 
in  human  lung  cancer  cell  lines.  B.  Expression  of  COUP-TF  and  nur77,  and  RA-dependent  pRARE 
activity  in  human  bladder  cancer  cell  lines.  Total  RNAs  were  prepared  from  the  indicated  human 
lung  cancer  and  bladder  cancer  cell  lines  treated  with  or  without  10'^  M  dll-trans  RA  for  24  h  and 
analyzed  for  the  expression  of  COUP-TF  and  nur77.  For  control,  the  expression  of  P-actin  is 
shown.  pRARE  activity  represents  fold-induction  by  dlX-trans  RA  as  determined  by  transient 
transfection  assay  using  the  PRARE-tk-CAT  as  a  reporter. 


Figure  8.  Modulation  of  RA  sensitivity  by  COUP-TF  and  nur77  in  human  lung 
cancer  cell  lines.  A.  Effect  of  RA  in  inducing  RARP  expression  in  Calu-6  and  H292  cell  lines. 
Total  RNAs  were  prepared  from  Calu-6  or  H292  lung  cancer  cells  treated  with  or  without  10"^  M  all- 
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trans  RA  for  24  h  and  analyzed  for  the  expression  of  RARp.  For  control,  the  expression  of  P-actin 
is  shown.  B.  Nur77  decreases  RA  sensitivity  in  Calu-6  cells.  pRARE-tk-  CAT  was  cotransfected 
with  the  indicated  amounts  of  COUP-TFI  into  Calu-6  cells.  The  cells  were  treated  with  or  without 
10-7  M  all-rmns  RA  for  24  h,  and  assayed  for  CAT  activity.  Data  shown  represents  the  means  of 
two  experiments.  The  same  data  were  also  plotted  to  indicate  the  fold-induction  by  RA.  C.  COUP- 
TF  enhances  RA  sensitivity  in  H292  cells,  pRARE-tk-CAT  was  cotransfected  with  the  indicated 
amounts  of  COUP-TFI  into  H292  cells.  The  cells  were  then  treated  with  or  without  10*7  M  dll-trans 
RA  for  24  h  and  assayed  for  CAT  activity.  The  same  data  were  also  plotted  to  indicate  the  fold- 
induction  by  RA.  Data  shown  is  the  representative  of  four  independent  experiments. 


Figure  9.  Stable  expression  of  COUP-TF  in  RA-resistant  H292  cells  restores  their  RA  sensitivity. 
A.  Expression  of  RARp  gene  in  H292  and  stable  clones.  Total  RNAs  were  prepared  from  Calu-6 
and  H292  human  lung  cancer  cell  lines  treated  with  or  without  lO'®  M  al\-trans  RA  for  24  h  and 
analyzed  for  the  expression  of  RARp.  In  the  control,  the  expression  of  p-actin  is  shown.  B.  RA- 
induced  growth  inhibition  in  H292  and  H292  stable  clones  that  expressed  transfected  COUP-TF 
growth  inhibition,  cells  were  seeded  at  1,000  per  weU  in  96-well  plate  and  treated  with  the  indicated 
concentrations  of  2\\-trans  RA  for  six  days.  The  numbers  of  viable  cells  were  determined  by  the 
MTT  assay. 
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